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1. INTRODUCTION

ABSTRACT

This study involves the force and moment calculations using the scaled and full-scale geome-
tries of the Autosub submarine. The scale factor of the submarine is used as 1.346 according to
the model size used in the experiments. Computational fluid dynamics calculations have been
performed using RANS equations and the k-w turbulence model. The resistance analyses have
been conducted for speeds ranging from 0 to 2 m/s. Static drift analyses have been conducted
between the range of 0° to 10° degrees drift angles at 2 degrees intervals. A mesh independence
study has been carried out to determine the adequate mesh density. The mesh structure has
been determined in the analyses for 6 degrees of drift angle and this mesh structure is used
for other drift angles, and the results have been compared with experimental results from the
open literature. Full-scale resistance analyses have been conducted, and the calculated resis-
tance forces have been compared with the experimental and empirical data. The force and
moment values obtained from static drift and resistance analyses are found to be consistent
with experimental results presented in the literature.

Cite this article as: Ciplakkaya SN, Arikan Ozden Y. Numerical investigation of the resistance
and static drift condition of the autosub submarine. Seatific 2023;3:2:71-84.

to obtain the hydrodynamic characteristics of submarines.
Hydrodynamic coefficients are usually obtained through

One of the factors that determine the design of subma-
rines is their maneuvering performance. During the pro-
cess of determining maneuvering performance, it is crucial
to calculate the maneuvering coefficients that represent
the hydrodynamic effects. Obtaining the hydrodynamic
coefficients which are part of the equations of motion is
one of the most important parts for the maneuvering cal-
culations (Cardenas et al, 2019). Computational fluid
dynamics, empirical, and experimental methods are used
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experimental or numerical simulations. Experiments
enable the direct determination of coefficients by making
measurements, but due to the high cost and difficulty of
experiments, numerical simulations are becoming increas-
ingly popular. There are three main conditions at subma-
rine’s motion; acceleration, cruise and rotating at constant
angular velocity. These three conditions should be inves-
tigated in order to obtain the maneuvering characteris-
tics. The hydrodynamic forces due to acceleration effects
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are calculated through planar motion mechanism (PMM)
experiments. The hydrodynamic forces and moments
which occur at cruise are determined by towing tank tests
while the angular velocity effects are carried out by rotating
arm experiments (Efremov et al., 2019). Ship model test-
ing experiments have different methods of calculating the
hydrodynamic coefficients. For each method, the calcula-
tion methods differ. PMM is a hydrodynamic test system
which allows to impose static drift and dynamic oscillat-
ing motions to a surface ship or submarine model. On the
other hand, the rotating arm test, which is a different test
setup, is used to obtain coefficients while the model is rotat-
ing with a constant angular velocity. To measure straight
motion values such as longitudinal and lateral forces, the
towing tank test are conducted. Thus, coefficients for drag,
pitch or yaw angle are measured. Since in towing tank tests
linear movements are obtained, measurements related to
angular velocity cannot be obtained. This is what separates
PMM test from the rotating arm test. The use of these test
setups have a very important place in obtaining the hydro-
dynamic coefficients needed while designing a submarine
(Saeidinezhad et al., 2015).

In this study, the Autosub underwater vehicle (AUV)
is used which is a submarine developed by the British
National Oceanography Centre. This submarine is com-
monly used by oceanographers for scientific research.
The Autosub submarine is capable of staying underwater
for extended periods of time and measures the physical,
chemical, and biological properties of the underwater envi-
ronment through various sensors. It is used for a variety of
missions, such as exploring various geological features like
underwater volcanoes, mountains, and canyons by measur-
ing factors such as ocean temperature, salinity, and water
quality. Additionally, it is used to examine and monitor
underwater biological life. Furthermore, it is also used to
investigate human-induced pollution and natural disasters,
such as studying the effects of oil spills or tsunamis. Due to
its ability to stay underwater for extended periods of time,
the Autosub submarine has become an important tool in
ocean sciences and has been used in numerous studies in
this field.

The Autosub submarine is also a good validation tool used
for submarine maneuvering studies since there are com-
prehensive model test results shared in the open literature.
Model tests for the Autosub submarine have been per-
formed on a model scaled by the scaling factor of 1.346 by
Kimber & Marshfield (1993) at the HASLAR facility (270
m x 12.2 m x 5.5 m deep). Further tests were performed by
Fallows (2004) on a 2.5 m scale model of the Autosub sub-
marine at the Solent University Towing Tank (60 m x 3.7 m
x 1.8 m deep). Experimental results in the open literature
for the Autosub submarine are presented for submarines of
different scale. Resistance results are presented for the full
scale submarine while the PMM and rotating arm results
are presented in non-dimensional form by the use of the

scaled submarine model. The cruise speed of the Autosub
is 2 m/s at full-scale. Kimber & Marshfield (1993) used in
the scaled model a velocity magnitude of 2.69 m/s to obtain
the same turbulence specification. Static drift tests are con-
ducted at +0 degree to +10 degrees with an increment of
2 degrees (Kimber & Marshfield, 1993). Fallows (2004)
in his PhD thesis shares a description of the experiments
conducted in Southampton Institute Towing Tank. The full
scale sea trials have been described in his study and experi-
mental results have been shared (Fallows, 2004).

Pioneering studies for experimental studies concerning
UWV’s date back to the DARPA Suboff project where com-
prehensive model experiments are conducted. The DARPA
Suboff Submarine is designed and recommended as a
benchmark submarine model by Groves et al. (1989). The
stability and control characteristics of the DARPA Suboff
submarine model have been presented by Roddy (1990).
There is a very large literature concerning the experimental
and numerical investigation for the resistance prediction
of underwater vehicles. Studies where the resistance of the
generic forms like DARPA Suboff, BB2 Joubert, C-Scout are
obtained experimentally (Crook, 1990; Roddy, 1990; Liu
& Huang ,1998; Carrica et al,, 2016; Thomas et al., 2003;
Thomas et al.,, 2003; Mackay, M., 1988) and numerically
(Bull, 1996; Anckermann, 2008; Fell, 2009; McDonald &
Whitfield, 1996; Alin et al., 2010; Chase & Carrica, 2013;
Carrica et al., 2019) can be mentioned as pioneering studies.

The estimation of the maneuvering characteristics of an
underwater vehicle is a challenging problem with various
methods developed to solve this problem (Kirikbas et al.,
2021a, 2021b). Literature concerning the numerical deter-
mination of the hydrodynamic derivatives for maneuvering
models date back to Davidson &Ship (Davidson & Schiff,
1946). After Abkowitz (1964) who extended higher order
terms for surface ships, Gertler& Hagen (1967) introduced
the first model for submerged body. With the increase of
computational power, computational fluid dynamics calcu-
lations have spread. Toxopeus & Vaz (2009) have carried
out a study where the DARPA Suboff submarine model is
used to investigate numerically the flow at different drift
angles around the bare hull configuration. They used their
own computational fluid dynamics code by implementing
different turbulence models and conducted a verification
and validation study (Toxopeus & Vaz, 2009). In another
study Vaz et al. (2010) calculated the maneuvering forces
and moments of the DARPA SUBOFF AFF-1 and AFF-8
configurations for 0° and 18° drift angles by using two vis-
cous-flow solvers. The influence of different turbulence
models namely, RANS (Reynolds- Averaged-Navier-Stokes)
and DDES (Delayed-Detached-Eddy-Simulation) methods
on the calculation of forces and moments were investigated
(Vaz et al., 2010). Other studies where the static drift char-
acteristics of the DARPA Suboff Submarine are investigated
are Duman et al. (2018) where the static drift simulations
of DARPA Suboft bare hull form have been carried out to
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calculate the hydrodynamic forces and moment acting on
the hull in the horizontal plane (Duman et al., 2021). Atik
(2021) who investigated the suitable solution mesh and tur-
bulence model for the DARPA SUBOFF submarine AFF-1
hull form by performing static drift test simulations (Atik,
2021). Kahramanoglu (2023) who has examined the scale
effects on the horizontal maneuvering derivatives for three
different scales for the fully appended DARPA Suboff sub-
marine (Kahramanoglu, 2023).

Maneuvering studies on the Autosub submarine using
computational fluid dynamics calculations are as follows.
By providing a comprehensive understanding of complex
systems, Fallows (2004) outlined an approach to enhance
the performance of UWYV systems that are already in use.
He used Taguchi experimental methods and made comple-
mentary sets of measurements in the laboratory on the full
scale Autosub submarine. His study presented a method
for developing a propulsion system for an AUV, such as the
Autosub submarine. He presented about the generic attri-
butes of these systems and their requirements.

Wau et al. in their study aimed to reduce the total resistance
of the Autosub submarine. For this purpose, simulations of
microbubbles were carried out. When the bubbles passed
close to the hull of the submarine, it caused a decrease in
the density of the fluid and turbulence viscosity. It has been
shown that a 50% improvement in the total resistance was
achieved in submarines (Wu et al., 2006).

In the study of Philips et al., the focus has been on evaluating
the hull resistance of three different Autosub submarines,
each designed with distinct shapes and sizes. The objective
was to calculate the resistance experienced by these vehi-
cles during their underwater missions. By utilizing CFD,
the researchers were able to simulate the fluid flow around
the Autosub submarine bodies and to accurately calculate
the resistance values. The calculated resistance values were
then compared with available experimental data obtained
from physical tests and measurements. The results showed
a favorable level of agreement between the calculated and
experimental resistance values, indicating the reliability
and accuracy of the CFD method (Phillips et al., 2007).

Using steady-state computational fluid dynamics (CFD),
Phillips et al. effectively replicated experiments which
are known as rotating arm test and towing tank test to
obtain steady-state hydrodynamic derivatives for a tor-
pedo-style Autosub underwater vehicle (AUV). The pre-
dictions demonstrated excellent agreement in estimating
sway forces, although there was a slight overestimation in
induced drag and yaw moments. In addition, numerical
methods accurately obtained the dynamic stability limits of
the submarine, in close agreement with the experimental
measurements (Phillips et al., 2010).

In another study Phillips et al. calculated the resistance
and hydrodynamic coefficients of the Autosub model, the
CFD method used for steady-state conditions was used to
successfully reproduce horizontal towing tank and rotating

arm experiments for a torpedo-style Autosub, and steady-
state hydrodynamic derivatives were derived. While there
was a very good match for the prediction of the sideways
force, the induced resistance and yaw moment were found
to be slightly higher than obtained. (Phillips et al., 2011).
In the study of Joung et al. an Autosub concept design
model was created and subjected to analysis using a com-
mercial CFD program to evaluate its resistance characteris-
tics. The CFD analysis provided measurements of pressure
and velocity distribution around the submarine, as well as
resistance measurements. Additionally, the analyses were
expanded to investigate the effects of adjusting the sail and
communication transducer positions, as well as the angle
of attack of the propulsion nozzle, in order to optimize the
Autosub’s design and minimize the resistance. The CFD
results were validated by comparing the results with the
ITTC 1957 correlation line. The study demonstrated that
CFED can effectively estimate the total resistance of com-
plex-shaped submarines. To expedite convergence, an auto-
mated mesh generation technique incorporating boundary
layer inclusion was employed. Significant reductions in
convergence time were achieved by examining object func-
tion and changing time of per iteration. It has been shown
by sensitivity analysis that the angle of attack of the nozzle
has a significant effect on the resistance value (Joung et al.,
2012).

Aslan in his master thesis investigated the hydrodynamic
coefficients of the DARPA Suboff and the Autosub subma-
rine by means of static drift and rotating arm calculations.
CFD calculations were performed and a good agreement
between numerical and experimental results was achieved
(Aslan, 2013). Can in his master thesis calculated the static
drag coefficients of the DARPA Suboff submarine and the
Autosub underwater vehicle. In this research, the compu-
tational fluid dynamics (CFD) method was employed, and
data regarding the static drift and rotating arm calculations
were made. Steady and unsteady rotating arm calculations
were performed. The obtained hydrodynamic coefficients
values were compared with the results of the experiments
presented in the open literature, and the maximum error
rate was presented as 10% (Can, 2014).

In this study the Autosub 3 geometry is used. The full-scale
submarine has a length of 7 meter, a diameter of 0.9 meter
and a speed range of 1 to 2 m/s. The aim of this study is
to investigate the resistance and the static drift conditions
of the Autosub submarine through CFD analysis. The yaw
moments, sway forces and surge forces are investigated.
Static drift conditions for different angles of attack are cal-
culated for the scaled and resistance for different forward
speed are obtained for the full-scale model of the Autosub.
A mesh independency and a validation study has been done
to determine an adequate mesh structure.

This study has been done with the use of the computational
fluid dynamics software Simcenter STAR-CCM+ which is
a commercial software based on finite volume method to
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calculate the transport of physical quantities on a discret-
ized mesh. For modelling the fluid flow the Navier-Stokes
equations are solved in each of the cells. The steady hydro-
dynamic analyses have been done at different drift angles by
using the software. A mesh independency study has been
done to determine the mesh structure that will be used in
the analyses with 0,2,4,6,8 and 10 degrees of static drift
angle. The case for 6 degrees drift angle has been selected
for the mesh independency study. Five different mesh struc-
ture has been generated with different mesh element sizes.
The result of these five analyses has been compared with
the experimental results given in Phillips et al. (2007). As a
result of this mesh independence study the mesh size that
gives the results compatible with the experimental results
has been selected. This selected mesh structure has been
used while computing the other analyses.

2.METHODOLOGY

2.1. Coordinate System

In axes known as body-fixed, the origin is positioned to be
at the center of gravity of the submarine. The X-axis shows
the nose of the submarine. The y-axis is drawn towards the
starboard side, while the z-axis is towards the downside of
the submarine. The body-fixed axes are used as above and
the space-fixed axes are presented in Figure 1 (Zhao et al.,
2022).

2.2. Motion Parameters

The primary motion parameters of a submarine consist
of the linear velocity U and the angular velocity Q while
investigating in a coordinate system which is body-fixed.
The velocity components of the submarine are lettered as
linear velocity and angular velocity, respectively, as u and p
in the x-axis, v and q in the y-axis, and w and r in the z-axis,
as seen in Figure 1. These velocity magnitudes are the com-
ponents of the linear U velocity and the angular w velocity
of the submarine. It can be calculated with the help of the
submarine speed and the angles of the submarine (Zhao et
al,, 2022).

Figure 1. The coordinate systems (Zhao et al., 2022).

Equation 1 shows how the transformation mentioned above
is applied.

u = Ucosfcosa,v = —Usinf,w = Ucosfsina (1)

’

u .V . ,w .
u = 7= cosficosa, v = 7= sin,w = 7= cosfsina

Equation (2) displays the values of the three components
of angular velocity (p, q, and r) when the sail is positioned
horizontally on the bottom.

p = sinQla,q = —Qcosasiny,r = —Qcosacosy (2)

' pL qlL . ' rL
D :7'61 =7=Smﬂ'7’ :7
Equation (3) provides the values of the three components
of angular velocity (p, q, and r) when the sail is positioned
vertically on the starboard side.

p = —=Qsinf, q = Qcosfcosy,r = —QcosPfsiny (3)

. pL . qlL . , 1L
P=74=7 = sinp,r =7
A submarine gets subjected to many different forces during
operation. These forces are lift force, weight force, drag
force, propeller thrust and inertia forces. Test rigs generally
measure 6 force components. These forces are labeled as X,
Y, Z forces and K, M, N moments on the x, Y, Z axes, respec-
tively. As is known from fluid mechanics, one of the forces
that produce hydrodynamic effects are viscous forces. The
measurements in the tests made provide the hydrodynamic
forces resulting from the viscous effects and thus the coef-
ficients to be obtained. The movements of the submarine
are shown in Figure 2 along with their names (Zhao et al.,
2022).

Surge
X,
m—\ - i
-
Mg Dt % | Horizontal
Reference
/
o Zw
= U
/
z
Heave
(a)
S
e S Yaw
mﬁ.g) N,r
e 0 Fixed Reference
o |
Y, v g
Sway Xu ¥
(b)

Figure 2. The motion of a submarine: (a) vertical plane; (b)
horizontal plane (Zhao et al., 2022).

2.3. Maneuverability equations
Newton’s second law can be used to derive equations of
motion. The equations of motion with six degrees of free-
dom can be obtained as follows.
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mli—vr +wq —x6(q* + 1) +ys(pq — 1) + 2 (r + P = K (4)
mlv —wp +ur —y(r? +p?) + z,(qr —p) +xs(ap + N =F,  (5)
m —uq +vp — 2;(p* + ¢*) + %P~ D+ ysrp + P =, (6)

Lp+(,— Iy)qr — L, +pqg) + Iyz(rz - qz) + Ixy(pr -q)+
mlyc(W —uq +vp) — zg(V —wp + ur)] = My 7)

Iyq + (Ix - IZ)Tp - Iyx(lj + qr) + sz(pz - r2) + Iyz(qp - 7;)
+ mlzg(i —vr + wq) — x¢(W —uq + vp)] = M, (8)

L7+ (Iy —L)pq — zy(q +rp) + Ixy(qz - pZ) + sz(rq -p)
+ mlxg@W—wp+ur) —y;(@—vr+wq)l =M, )

The velocities that the submarine has during its operation
are affected by the rotational velocities. These effects are
expressed by the nonlinear parts of the equations. However,
the assumption made in this study is that these effects are
negligible. This means that the results do not take into
account the resistance of cross-flows and unsteady viscous
effects (Zhao et al., 2022). When the equations are arranged
in line with this approach, the following equations are
obtained.

Surge:

Ly o240 % p24 X Pulxavx x Py w2e X V24X w?
X+ X X ] T [X i+ X,vr+ X, wq |+ S P+ XV X ]+

wq uu ww

ﬁﬂu?[xﬁ e+ XS24+ X ,§a2]- (W= B)sing=X (10)
2 dede oror’ dada

Sway:

Bty s noo FUPTURL By F Epae e —
21 {Yi_r+ YPp+ Yp‘plp lpl+ qupq+ Y‘Irqr]+ 2 1 [Y‘.>V+ quwq+ prwp-f- Ym,wr]-v-

¢ 1
Lplyursy |r|ér+ ¥, L(vz—wz) 21| +ﬁlz|:Y‘_uv+ v, w(v2=w?) z]+
P e W] PR
%IZ[Y;WVW+ Y;r‘u25r2]+ (W— B) cosfsing =Y (11)
Heave:

Pz, T S S I Pz wiZ v b
El [qu+ prpp +Z,rr +Z’prp]+ ?l [Zu‘u+Z'ptp+Z‘r\r]+

1
P 3l . 5. : ¥ labaapd) 3
2/ [unquZlqlo_e‘u|q|oe+2w|q‘ Tl (v3+w?) |q|]+
L
IZI:Z‘ uw +Z! w(v3+w2) 2:|+£Iz|:l'
¥ 2

wlw| |w|

1
ulw|+Z, w(v2+w2) 2 ]+

™ v

Az v22 7' w2 L) _ -
S [2,v2+ 2, % + 2}, u6a]+ (W~ B) cosfcosp =Z (12)
Roll:
ﬂIS[K‘ p+Ki+K  plp|+K pg+K qr]+ ﬂI"[K'v+K‘ur+K'up]+
2 P TR plel e qr ) P / »
1
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%13[1<;wvw + Kyu2br+ Ky u2a |+ (y W - y ;B costsing =K (13)

Pitch:

Posfay . A U ) i Poadar i = :
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P i ; P 2, e ; ; ot
713[1ulwlu|w|+1v1W w(v2+w?) 2 H+ EIS[M‘_VVMM&“Z&H MMu~M]—
(xGW—xBB)cosﬂcuslpf(:wa:BB)sinﬂzM (14)
Yaw:

Lis[n i h, g y ! LN N v " "
2! [Nrr+Nin+Nr|r|r|r|+ Npqpq+ quqr]-i- 21 [N‘.,v-i-N‘,qtq+qup+qur]+

1 1

_]+

r]+ %I:‘IiN:,uv+Nv ||v( vZie wz) 2

L P
21 Nrur+Npup+N

i(AlE,u|r|§r+NL“,,|(v2+ w2) 2 i
%l’[N;ﬂyw-# N;.ruzdr]+ (xGW— xBB) cosfsing — ()‘GW— yBB) sinf=N (15)

Sway force and yaw moment acting on a model can be mea-
sured by drift experiments which can be done with a sub-
marine model. Gaining a yaw moment and sway velocity to
the model creates a force and moment. The rate coefficients
Y, and N can be obtained with the help of the velocity ver-
sus force graphs obtained as a result of these tests repeated
at different sway velocities.

2.4. The Reynolds-Averaged Navier-Stokes (RANS)
Equations

ANSYS FLUENT is utilized to model the fluid dynamics
surrounding Autosub, employing the incompressible and
isothermal Reynolds Averaged Navier-Stokes (RANS)
equations (17). This computational approach aimed to
ascertain the Cartesian flow field (ui = u, v, w) and pressure
(p) of the water surrounding the hull of an Autonomous
Underwater Vehicle (AUV).

=i —

UL, 1op o ( (U AU Oouy

ax, ~ pox ox|"\ax, Tox )| "o, i
The k-w model is one of the most preferred turbulence
models. In this problem, the “k-w SST” model was used.
The k-w SST model employs the vortex viscosity approach

to model the boundary layer, ensuring a more accurate
inclusion of shear forces in the equations. Atik (2021) in her

(17)

study where she investigated the static drift performance of
the DARPA Suboff submarine AFF-1 configuration, stated
that all turbulence models gave close results at small angles,
while after 8 degrees of drift angle the SST k-w turbulence
model gave the closest results.

2.5. Presentation of Forces and Moments

To convert the acquired forces and moments into non-di-
mensional values, the equations 18-19 as outlined in the
SNAME (1950) proposal are used. The X, Y, and Z axis
resistive forces are made non-dimensional by applying the
following formula.
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’ ’ ’

XY,Z
X.Y.2 =t 5
EPVO LO

(18)
K, M, N are the moments that occur around the X, Y, Z axis,
respectively. To make non- dimensionalization of these
moments, the following formula is used.

’ ’ ’ K‘M'N
kK.M,N = PVELE (19)
3. GEOMETRY OF BODIES

The Autosub autonomous submarine model has evolved
from the past to the present with the advancement of tech-
nology. The National Oceanography Centre (NOC) in
Wormley initiated a program to develop scientific applica-
tions for autonomous underwater vehicles. The Autosub
submarine vehicle, which has multiple geometries tailored to
different purposes, was designed according to its usage. The
Autosub submarine has an approximate length of 7 meters
and a diameter of 0.9 meters. The Autosub submarine model
to be used in this study has a scale factor of 1.346. The geo-
metric characteristics of the Autosub submarine model are
provided in Table 1 (Can, 2014). The image of the created
Autosub model can be seen in Figure 3 and Figure 4.

Table 1. Geometric Properties of the Autosub Model (Can,
2014)

4. NUMERICAL CALCULATIONS

4.1 Mesh Independence Study

The aim of the mesh independence study is to create a mesh
structure that would provide calculations with a reasonable
level of error in terms of the conducted analyses and, at the
same time, minimize the number of elements to reduce the
computational cost. In line with this objective, a mesh inde-
pendence study is carried out. Since experimental data for
the Autosub submarine vehicle are available, the numerical
results are validated with the experimental results.

4.1.1 Domain & Boundary Conditions
The dimensions of the cylindrical geometry created for the
domain are as shown in Figure 5. The domain is created

Description Abbreviation  Value
Length overall Ly, 52m Figure 4. Autosub Geometry Perspective View.
Diameter D 0.669 m
Nose Length L, 1.022 m
Nose shape Elliptic yelocity Intet
Body Length L, 2.020 m P16L
H 2

Body Cross Section Area S, 0.352 m _— (AuteD) Velocity Inlet
Aft Body Length L, 1.799 m / o
CG Distance from Nose CG,, 2310 m sl

) . . Pressure Qutlet
Tail Span B(Tipto Tip)  0.854m
Tail Tip Chord Length c 0.200 m
Sweep Angle (Leading Edge)  degrees 14.40°
Sweep Angle (Trailing Edge)  degrees 0 Figure 5. Boundary Conditions for the Static Drift Tests on
Tail Airfoil NACA0015 Star CCM+

5.200 [m]

0.669 [m]

0.854 [m]

_I@0s69 [m]L

Figure 3. Autosub Geometry Top View and Back View.
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with a size that is 10 times the length of the submarine at the
front and 15 times at the back. In addition, the diameter of
the cylinder is determined to be 16 times the length of the
submarine. Velocity inlet is defined on the front surface and
side surfaces of the cylindrical volume. On the back surface,
a pressure outlet boundary condition is defined with a pres-
sure value of 0 Pa. For each drift angle, a velocity vector is
determined and assigned to the velocity inlet surfaces.

4.1.2 Physical Model

Steady-State RANS equations are used in all calculations.
Viscous effects within the boundary layer are obtained
using wall functions in the conducted analyses. In the anal-
yses the k-w SST turbulence model is used, the first layer
thickness is created to satisfy the condition 30 < y* < 300.

To obtain the desired wall distance y+ the Equation (20) is
used to calculate the thickness of the first layer.

Ay = LAy+80R, >/ (20)

The calculation of the layer thickness is determined based
on the Reynolds number, as given in Equation (21) (Phillips

et al., 2007). A total number of 10 layers are created. The
boundary layer for a blunt body can be estimated using the
following equation:

8 = 0.035LR; "/’ 21)

4.1.3. Mesh Structure

In this study, five different mesh densities with varying
element counts are created. Figure 6 show the volume
meshes of the Autosub submarine. The element size fol-
lows an increase ratio of V2, as recommended by the ITTC
(International Towing Tank Conference) guidelines. (ITTC
Resistance Committee, 2017).

It can be observed that the mesh is refined near the Autosub
model. This refinement aims to better solve the flow region
in close proximity to the model, ensuring more accurate
analysis in that area.

4.1.4 Uncertainty Study

The method that known as (GCI) Grid Convergence Index
has been used on verification of the grid structure. The
uncertainty analysis has been conducted for the scenario
with 6-degrees drift angle. The velocity vector is calculated

Figure 6. Mesh Structures.
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Table 2. Static Drift Results for 6 degrees drift angle

6 Degrees Static Drift Results

Cell Number Y Y N N Error (%)Y’  Error (%) N’
EXP - 298,9826 0,003062 274,0047 0,000540 - -
Mesh 1 794489 324,8269 0,003326 310,7741 0,000612 8,6440 13,4193
Mesh 2 1170857 319,5991 0,003273 308,1391 0,000607 6,8956 12,4576
Mesh 3 1841095 305,4607 0,003128 303,9573 0,000599 2,1667 10,9314
Mesh 4 2952064 301,7904 0,003090 302,1399 0,000595 0,9391 10,2682
Mesh 5 5639856 300,4577 0,003077 300,3557 0,000591 0,4934 9,6169

based on this angle. Table 2 presents the element count,
results and deviations according to experimental results for
different mesh densities. The analyses are conducted on a
Windows operating system using a 4-core processor. The
connection between the forces at 6 degrees of static drift
and the mesh structure can be seen in Figure 7. Figure 8
shows the connection of the moments at 6 degrees of static
drift with the mesh structure.

Roache (1994) presented the Grid Convergence Index
(GCI) method in his study. While there are many different
methods, this method focuses on mesh refinement, which
is one of the important areas in CFD studies. This method,
which is presented to reduce the complexity in grid refine-
ment studies, has been used in many different studies and

Y'- Mesh

0,0037
0,0035
0,0033
> 0,0031

0,0029
0,0027

0,0025
1 2 3 4 5

Mesh

Figure 7. Sway Force Y’ for drift angle 6 degrees.

N'- Mesh
0,001
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0,0008

Z 0,0007
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0,0005
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1 2 3 4 5

Mesh

Figure 8. Yaw Moment N’ for drift angle 6 degrees.

has been accepted by researchers. The mentioned method
was edited by Celik et al. (2008) and presented again. In this
study this edited method of GCI has been used as follows.
Mesh size can be found by Equation (22).

1
1 N 3
h= |y an)] 22)

N is the number of cells and V. is the volume of i th cell.

Grid refinement factor can be found with Equation (23).
h,, h,and h, is calculated with the help of Equation (22) for
fine, medium and coarse grids, respectively.

h, hs
1 = h_ y 32 = h_ (23)
1 2

After calculating the refinement factors between fine and
medium; medium and coarse, we can calculate the apparent

order which is p in Equation (24).

€32

=————|Inln + ‘
P= Inin (50) | Ta® 1)
rf —s
=lnin 2=
q(p) =lnln (erZ _S> (25)
€32
s=1x*sgn (—) (26)
€21

€32 = P3 — Py &1 = P — Pq (27)

¢, is the solution of k th grid. That can be selected as a
scalar value from a solution such as a sway force. ¢, and
e,, have been calculated with the help of the Equation (27)
and these parameters used to calculation of s in Equation
(26). The negative value of s means oscillatory convergence.
The apparent order, p, has been calculated with the help
of Equation (24) and (25). As can be seen in equation (24)
there is a function related to p, which is g(p), in equation p.
For this reason, an initial estimate was made while calculat-
ing p, and p was found iteratively.
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£ 21
R = 221 21 _ ext — ¢1
€35 (28) ext — 21 (31)
ext
The convergence factor R can be obtained with the help of = ¢21is the approximate error while e}, is extrapolated error.
Equation (28).
1.25 x e2t
GCI}gl = - 2 (32)
p e P _
21 _ (r21q,’)1 _¢2) T —1

¢ext - (29)

p _
£ 1

¢(23,1Ct in Equation (29) is extrapolated scalar value of selected

o.

The Grid Convergence Index (GCI) can be found with
Equation (32).

Uncertainty analysis results are given in Table 3. When
the data in Table 2 and Figures 7 and 8 are examined, it is
seen that the error rate stabilized after Mesh 4. The num-

01 b1 — P2 ber of cells, which directly affects the computational cost,
€a” = ¢— (30) increases approximately 1.9 times between Mesh 4 and
1 Mesh 5. The solution time is significant in terms of com-
putational cost, since the selected mesh will be used in the
Table 3. Spatial Uncertainty analxses \./vhich will be. done in the next part of the study.
Considering the capacity of the computer used, the change
Sway Force (Y) Yaw Moment (N) in the error rate was ignored and Mesh 4 was chosen.
(N] [N-m]
N, 5639856 5. RESISTANCE ANALYSES
N, 2952064 The full-scale geometry of the 7m length submarine is
N, 1841095 used in the resistance analyses. The mesh sizes used in the
N, 117085 resistance analyses are the same as those obtained from the
N, 794489 Mesh 4 mesh structure in the mesh independence study
r, 1,2433 conducted for static drift analyses. The flow volume is rec-
» 1,1605 reated to be proportional to the full-scale size. As a result,
$, 300,4577 300,3557 there is an increase in the number of meshes. Four differ-
0, 301,7904 302,1399 ent analyses are conducted at speeds of 0.5, 1.9, 1.5, and 2.0
6. 3054607 303.9573 m/s. The results of thesc'e ane%lys?s can be seen in the Table 4
and Figure 9. The velocity distribution around the Autosub
P 25636 17453 geometry can be seen in Figure 10.
R 0,3631 0,9817 , .
421 199,895 £96.4963 As can be seen in Table 4, the empirical results presented
ext ’ ’ by Phillips et al. (2007) do not match with the test results
e2! 0,44% 0,59% performed by Fallows (2004). In the experiment conducted
21 0.19% 130 by Fallows (2004), the 2.5 m. length model was drawn from
e 5 0 3% . .
ext the water surface at a depth of 2.6 diameter. This means
GCIan 1es hs 0,24% 1,6% that the submarine is close to the water surface and pro-
duces waves (Phillips et al., 2009). In addition, a model
Table 4. Resistance Results
Velocity EXP EXP Empirical CFX CFD Error % Error %
(m/s) (Fallows) (Kimber) (Phillips et al.) (Phillips et al.) Empirical CFX
0,5 10,337 - 9,003 8,943 9,175 1,912 2,589
0,75 - - 18,061 -
1 18,023 - 30,663 31,959 31,873 3,941 -0,270
1,25 58,064 - 45,886 -
1,5 100,017 - 64,242 67,926 67,328 4,801 -0,881
1,75 - - 84,898 -
2 - 126,6494 108,228 115,531 114,376 5,683 -1,001
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Figure 9. Comparisons of resistance predictions for
Autosub (Phillips et al., 2007).
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Figure 10. Velocity Magnitude for Resistance.

with a length of 2.5 meters was used in the experiment.
As the speed increases, the increase in the margin of error
supports that the factor causing this difference is the wave
resistance. In the thesis published by Fallows, these prob-
lems related to the test setup were mentioned. Another
cause of error is the presence of a large mounting post on
the test setup. The forces caused by this structure affected
the test results. These reasons are the causes for the differ-
ence between experimental results (Fallows, 2004), CFD
results and empirical results. On the other hand, the CFD
result for 2m/s agrees with the experimental results from
Kimber&Marshfield (1993) with an error rate of %10.
Also, the CFD results have error rates less than %6 with the
empirical results (Phillips et al., 2007). In addition to these
the results match with the CFX solution made by Phillips et
al. (2007) with an error rate of less than %2,6.

Table 5. Static Drift Results

0,007
0,006 s
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5 0,003 . ®CFD
0,002 . e ExP
0,001 .
0e

0 002 004 006 008 01 012 014 016 018 02
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Figure 11. Variation of Sway Force (Y’) with Sway Velocity
V).
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s O EXP

Figure 12. Variation of Yaw Moment (N’) with Sway Ve-
locity (v').

6. STATIC DRIFT ANALYSES

Six further analyses are performed for the static drift con-
dition at angles of 0, 2, 4, 6, 8, and 10 degrees, with a veloc-
ity of 2.69 m/s. The obtained results are compared with the
experimental data from Kimber&Marshfield (1993). Static
drift results are presented in Table 5. The hydrodynamic
sway force Y’ and yaw moment N’ are presented in Figure
11 and 12.

Figures 13, 14, 15, and 16 show the results obtained from
the CFD analysis. The highest and lowest values in the
obtained results differ by changing the static drift angle.
However, to provide a comparative result, the velocity and
pressure range are limited to a single value for each figure.

Figure 13 shows the flow field around the submarine. It is

seen that the characteristic of the flow around the subma-
rine changes as the static drift angle increases.

AoA v’ (Sway Y N’ Y’(EXP) N’(EXP) Error (%) Y’ Error (%) N’
Velocity)

0 0 -1,2E-05 5,85E-06 0 0 - -

2 0,0348995 0,00095 0,000231 0,000836 0,000206 13,65061 12,14809

4 0,0697565 0,001969 0,000433 0,001913 0,000391 2,928268 10,677273

6 0,1045285 0,00309 0,000595 0,003032 0,00054 1,910778 10,268147

8 0,1391731 0,004343 0,000707 0,004305 0,000652 0,877556 8,4381988

10 0,1736482 0,005769 0,000756 0,005931 0,000734 -2,73295 2,8820465
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Figure 13. Velocity Distribution Around the Submarine.
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Figure 14. Q Criteria = 5 Surfaces Around the Submarine.
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Figure 15. Streamlines Around the Submarine.

Surfaces with a Q-Criteria value equal to 5 were obtained.
The velocity distribution on these surfaces is shown in
Figure 14. The Q-Criteria value allows us to examine the
wake behind the submarine. As can be seen, as the angle
increases, the maximum velocity obtained increase, and the
angle of the wake and length of the wake also increases.

Figure 15 shows the streamline drawn from the submarine
surfaces. When the submarine is subjected to a static drift
angle, a rotational flow is observed around it. As this angle
increases, it is seen in the figures that the streamlines in
the rear part of the submarine are more complex and have
higher velocity.

Figure 16 shows the fins in the aft body of the subma-
rine. The pressure distribution over these fins changes as
the angle changes. As the angle increases, the region of

4 deg

Pressure (Pa)
-2.6e+03

<-8.8e403

-5.7e+03

500 > 3.6e+03
-

Figure 16. Pressure Distribution on Aft Body of Subma-
rine.
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Figure 17. Vector Field Around the Submarine.

maximum pressure on the fin is displaced. This causes
an increase in the force created by the fins as the angle
increases. This effect is one of the reasons why the yaw
moment increases as the angle increases.

The vector field around the submarine is shown in Figure
17. In this image given for the 10-degree static drift condi-
tion, the angle of the flow acting on the submarine is clearly
seen. The resulting sway force and yaw moment are caused
by the flow of the body acting at a certain angle. It is seen
that it reaches 3.3 m/s in the cross section of this image per-
formed at a speed of 2.69 m/s. These velocity zones affect
the pressure zones around the submarine, causing sway
force and yaw moment to occur.

When comparing the force and moment values obtained
through CFD with experimental results, it is observed that
the error rates vary between -5% and 10% (Table 5). The
results (Figure 11 and Figure 12) presented show that the
sway forces and yaw moments obtained from the analyze
give independent results from the mesh structure and are in
consistency with the experimental results presented in the
literature. As a result, an analysis method that can be used
in future studies has been presented.

7. CONCLUSIONS

This study involves the force and moment calculations of
the Autosub submarine using model and full-scale geom-
etries. The RANS equations and two-equation turbulence
models are employed in the calculations. Static drift analy-
ses are conducted for angles of 0, 2, 4, 6, 8, and 10 degrees.
The calculations are performed at a cruising speed of 2.69
m/s using a scale factor of 1.346. To determine the opti-
mum mesh structure, a mesh independence study is car-
ried out at 6 degrees static drift angle. The error rates of the
experimental results and the calculated values in the anal-
ysis are used in the mesh independence study. After deter-
mining the optimum mesh structure with the help of the

uncertainty analyses and the mesh independence study, the
analyses are completed for other angles and compared with
the experimental results.

Full-scale resistance analyses are conducted using the
same mesh sizes. Resistance analyses are performed for
the 7m full-scale geometry at velocities of 0.5, 1.0, 1.5, and
2.0 m/s. The calculated resistance forces are compared
with the experimental results. There are two experimen-
tal results for resistance presented in the open literature.
In the first presented by Kimber&Marshall (1993) a resis-
tance value for 2 m/s is available, while Fallows (2004)
presented the resistance values for a larger range. The
experimental results of Fallows cover speeds ranging from
0 to 5 m/s for different model depths so that the wave
resistance is also included in the values. So, there is a devi-
ation from the experimental results comparing to CFD,
empirical and also experimental result obtained before by
Kimber&Marshall (1993). The cause of this deviation is
also discussed by Phillips et al. (2007). The CFD results
of the present study appear to be in good agreement with
the CFD results presented by Phillips et al. (2007), as well
as the experimental results by Kimber & Marshall (1993),
with an error rate of 2.6% and 10%, respectively.

The static drift analyses are conducted for different drift
angles and a good agreement is seen with the experimen-
tal results conducted by Kimber&Marshall (1993). While
the deviation from the experimental results is lesser in the
sway forces more deviation is seen for the yaw moment.
However, the deviation is in an acceptable level since 10 %
of deviation is seen.

The force and moment values obtained from the static
drift and resistance analyses are found to be consistent
with the experimental and empirical results available in
the literature with an error ratio of %0.8-%13.5 and %1.9-
%5.6, respectively.
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It is seen that the pure sway forces and pure yaw moments
can be obtained with high accuracy with CFD methods.
The mesh independence study and the validation study
show that the numerical results are consistent with the
experimental results. This shows that the method used in
this study can be used for the predictions of hydrodynamic
coefficients for static drift condition. In future studies the
method will be used for derived geometries of the Autosub
submarine for different L/B ratios.
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