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ABSTRACT

In this paper the flow field around a submarine bagn investigated.
Pressure distribution and its impact on submarinell form have been
studied. The accurate and efficient predictionyafrbdynamic pressure and
forces on a submarine has been achieved by inaéstigthe flow related to
the interaction of the vertical flow shed from teail and the cross-flow
boundary layer of the hull. Therefore this studymsito simulate the flow
field of a submarine by using finite volume methé&thite Volume Stress
Analysis Method and ks turbulence model have been used to simulate
turbulent flow past the submarine hull surface. sdbmarine hull with
overall length of 80 meters and diameter of 10 nsat&as chosen. It has aft
body length 11m and sail length 7m. The speed rahgige submarine is 0
to 30 knots with 5 knots increments. Calculatedsguee coefficients along
the submarine hull are discussed to show the efbécthe sail lateral
position and the stern appendages. It is also skstlia Reynolds Averaged
Navier-Stokes (RANS) code application in the desifan "Advanced Sail"
for a submarine.

Keywords: Flow distribituon, submarine, pressure distribntiBANS.
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Bu makalede, bir denizaltinin gévdesi lzerine @hkiykskan basinci ve
kuvvetlerinin daha iyi ankalmasi icin denizaltinin etrafindaki akalagilimi
detayl birsekilde incelenmtir. Denizaltiya etkiyen hidrodinamik basing ve
kuvvetlerin d@ru ve etkili birsekilde tahmin edilebilmesi icin denizaltinin
yelkeni Gzerindeki dgey akg ve teknenin sinir tabakasindaki eninesin
etkilesimi ile ilgili olan akis incelenmgtir. Bu calsmada Sonlu Hacim
Yontemi (FVM) ve Hesaplamali Agkanlar Dinamgi (CFD) kullanilarak
denizalt etrafindaki akialani simile edilmngtir. Sonlu Hacim Stres Analiz
Yontemi ve ke turbulans modeli kullanilarak denizaltinin govaesi
yuzeyini takip eden turbulansli aka simulasyonu yapilngtir. Boyu 80 m,
eni 10 m, ki¢ kuyruk uzunfim 11 m, yelken uzunfiu 7 m olan bir denizalti
modeli secilmj ve RhinoCero®' programi kullanilarak cizimi yapilmtir.
Denizaltinin hizi 0’'dan Béayarak 30 knota kadar 5 knot arttirimak
suretiyle hesaplamalar yapigtr. Gunumuizdeki gucli bilgisayarlarin
getirdigi kolayliklardan dolay! akkan probleminin tam olarak Navier-
Stokes denklemiyle sayisal hassas ¢c6zimis denielpaze alani icerisinde
yapilabilmektedir. Denizalti gévdesi boyunca heaaph basing katsayilar
yelken ve ki¢ takintilarinin etkisini géstermeknigle alinmgtir. Ayrica, bir
denizalti icin “Gelgmis Yelken” tasariminda RANS (Reynolds Averaged
Navier-Stokes) kodunun uygulamasi ele algwa irdelenmytir.

Introduction

A submarine is a vessel capable of independentatiperunderwater. It is

used as a surface naval weapons platform or aslatcexploration and

recreation. Their stealth plays an important releaimodern naval force.
Therefore submarine is a warship with a streamlimaitl design to operate
completely submerged in the sea for long periogsiped with a periscope
and typically armed with torpedoes or missiles. Magye submarines have
a cylindrical body with hemispherical (and/or catjcends and a vertical
structure, usually located amidships having naiegaand other equipment
devices as well as periscopes. Sometimes knowmeasonning tower. This
vertical structure is called “sail” in U.S. Nawyfiri” in European Navies.
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The propeller of submarine, vertical and horizontahtrol panels are
located at stern. As the thrust is generated, waiehes over the planes,
creating an upward or downward force that helpsstite gradually surface
or dive. The fins can be tilted to change the armjlattack at which it
climbs or dives.

The starting point of all scifientic studies isitedature survey to understand
the status quo of the investigated topic. It is amg@nt to understand the
reasons for the shape of submarines at differagestof their development
and why changes were made. To neglect full sciergtidies would be a
serious mistake in the design of any future repteardg submarine.

In submarine hydrodynamics, turbulence and vortgradhics play an
important role. The classic picture of turbulentats from a sequence of
bifurcations in a “smooth” flow, each of which iattuces flow structures of
smaller and smaller scales. Designers had beguwhdoge nose and tail
cone shape to improve the performance of submatio@erational speeds.
Other major sources of resistance may be improvVid. establishment of
the detail performance of a submarine can be staégaising computational
fluid dynamics to obtain pressure distribution aodcalculate the drag
characteristics which will serve as the comparatorendation for any new
design. All features affecting the shape of subneaare discussed including
the boundary layer, laminar flow, transition, tudnce and separation and
how the flow should be as quiet and smooth as plessit the beginning
the pressure distribution around submarine bodyhowit sail, and
appendages were investigated. The next step wessdih tailplanes and
foreplanes were added to obtain pressure distabwround the submarine
and to observe how effects and changes in flowibligtons. Design looks
like a jigsaw puzzle where altering one piece rezguialterations in all
surrounding features to make a workable complestgde It is clear that
scientific studies has to be a starting point foy &uture submarine design.
A review of relevant literature has been completditch covered priorities
in design and showed how enhancement of one featigects with other
features and may even result in an overall losgesformance despite the
perceived advantage of the enhanced feature. Hydamdic aspects were
then discussed starting with the shape and reagloaisshould be the beam-
to-depth ratio (B/D) to give minimum resistancepassible.
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As it is well known, flow around submarines is exdimgly complicated,
even at simple flow conditions, and the need tacedsubmarine signatures
from flow-induced noise put high demands on the matational model.
Most of the boundary layer on a submarine is pradanily turbulent
because of the high Reynolds (Re) number, whiclcdéyly is encountered
in ship hydrodynamics. At the bow, the flow is uguminar, but rapidly
undergoes transitions into a fully turbulent boundiyer, which often
makes it reasonable to assume a fully turbulenndary layer along the
entire hull. The boundary layer is further affectey pressure gradients
(mainly around the bow and the stern) and the twd/ature, potentially
causing a vortex separation usually resulting stadtion of the propeller
inflow.

Prediction of Submarine Resistance

Whenever a body is placed in a flow, the body Igext to a force from the
surrounding fluid. In general, the force actingambody is resolved into a
component D in the flow direction U and the comptnke in a direction
normal to U. The component D is called drag and talled lift. The most
important difference between the resistance ofrtase ship (or submarine
on the water surface) is that for a deeply subntesgémarine will not have
wave resistance. Therefore the submerged subnrasistance will sum up
total skin friction and total submerged pressurkin Sriction drag acts
tangentially at the surface and is proportionah®wetted surface.

The total pressure has form resistance or form drafinduced resistance
or induced drag. The form drag is the viscous pmeseesistance due to the
shape of the submarine. The induced drag is thstaese caused by lift.
This could be on appendages that are generatingud to misalignment
with the flow, or to the hull, that may be genergtlift due to symmetry.
The resistance of a submarine can be determinkeerdiy model testing, or
by Computational Fluid Dynamics (CFD). In this pgp€FD techniques
have been used to estimate the resistance of deplyd submerged
submarine. As the resistance of a deeply submexgjecharine is dominated
by the frictional component, there are a numbedifficulties with this, in
particular the choice of empirically based turbgkenmodel. However, in
principle it is possible to use CFD to obtain réswt full scale Reynolds
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numbers, something which is not possible using meaperiments [1].

There is one of the current complications with CEDthat there is no
standard method for predicting submarine resistafais is largely because
both computing power, and CFD techniques, are deual rapidly. Thus,

great care needs to be taken when investigatingffeet of the change in
resistance due to a change in hull shape.

Numerical Model

The use of computational tools to evaluate subrmeafiows have been
tremendously increased over the last decade dieceapacity and speed of
computers were raised. Thus the applications of fdational Fluid
Dynamics (CFD) to the naval industry was guidifte tdesign of
submarine. In view of these developments, CFD d&er a cost-effective
solution to many problems in underwater vehiclel liafms. However,
effective utilization of CFD for naval hydrodynamicdepends on proper
selection of turbulence model, grid generation bodndary resolution. The
most common turbulence modeling approach of todaRANS, which is
based on Reynolds Averaged Navier-Stokes equadiodgs often adopted
in traditional Computational Fluid Dynamics (CFDThe first fully
appended submarine RANS calculation was done bgkset al [3] for the
submarine configuration, which was extensively meas to provide a
data-base to test CFD methods. The dependent lewiale divided into a
mean part and a fluctuating component represemtegations from this
mean. The advantage of RANS is however that theoapp is fast, and it is
available in most CFD codes. In particular, witte tadvent of parallel
computational capabilities, viscous RANS simulatidrave seen a larger
role in predicting these flow fields.

In this study, Reynolds Averaged Navier Stokes NSA equations and
continuity equation for mean velocity of the unsitgancompressible fluid
have been used as governing equations in orderterrdine the mean
cartesian flow fieldV:, and the mean pressure (P) of the water around the
hull. The well known SST (Shear Stress Transpoib) kodel have been
considered to simulate the turbulance flows.



Abdi Kukner, Adem DURAN, Tarkan CINAR

i
a—}‘,f_f' (1)

au. UU. 9P 4 U, aUu; Ou'u.
i 7] {“( i j)]_p Ej'l'}cg [2]

R 4

wheref ; represents external forces. The influence on tariwe on the
mean flow is given in equation represents exteiorales. The influence on
turbulence on the mean flow is given in equationbi2the Reynolds stress

tensor? (L}). There are many turbulence models to provide swistto
the Reynolds stresses.

The k -® model is well-suited for prediction in the vicipiof the wall,
while the k -¢ model is for the remaining area near the boundegyon.
The k- SST-model is using blending functions todixe to use the k-
model near the wall and theek-in the free stream and to get a smooth
transition between them. Therefore it is a hybetaeen the ke and the k-

® model. The SST k @ model is known to be fairly effective for better
prediction of adverse pressure gradient and flopassgion. This model has
been designed to promote turbulence in the corayeztine of fluid flow.

The SST ke turbulence model is a two-equation eddy-viscositgdel
developed by Menter [4] to effectively blend thebust and accurate
formulation of the kv model in the near-wall region with the free-stream
independence of the &model in the far field. To achieve this, the &-
model is converted into ad-formulation. Transport equations for the SST
k- model are given by:

39t (pk) + 3/(Fx,1 ) (okuyi ) = 3f(0xy ) ((k Ik/(Fxy N+ Gk -V ,k + 5,k
/ot (pw) 4 8/(@x,i ) (pwwyi Y= 3/(0x,j ) ((k dw/(0xj N+ G -Y,0 + Dyw 4 S\

In these equationsi?"k represents the generation of turbulence kinetic
energy due to mean velocity gradier®s, represents the generation wf,
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I'x andl, represent the effective diffusivity &andw, respectivelyYy and
Y, represent the dissipation kfando due to turbulence),, represents the
cross-diffusion term$ andS, are user-defined source terms.

The Model of Submarine Hull

A standard submarine hull model was used as atyp®dor computations.
The bow of our submarine model has been chosenlipso&lal and the
stern has been chosen paraboloidal in shape withrtaon of parallel mid-
body. Since CFD method was used for the computstidhis method is a
very grid dependent technique. Therefore CFD metiemtls to be meshed
in proper ways to get reliable and converged rsstilte largest errors occur
where the largest gradients are. For this readwn reésolution should be
increased in such regions. Only a restricted amotioélls can be used due
to restrictions in computational power. Therefdrésibeneficial to have a
denser grid where e.g. the curvature of the surfabégh and having larger
cells closer to the middle of the surface. Theréiszation of the geometric
domain of the submarine has been divided into ¥&DIExahedral meshes
and every simulation has been iterated three heddimes. Since the CFD
calculations on the computer takes a lot of timeé a@eds more memory. It
is 1/50 scale model rather than the actual sizh@fsubmarine has been
used for the computations. The hull model has aralvlength L of 1.6 m
and maximum diameter D of 0.20 m. The sall is ledah front of the hull
with a length of 0.24 m..

The profile of the submarine model hull is showrrigure 1. Also shown is
the profile of nose cone, tail cone and sail shape.

a) Front View b) Nose Cone c) Tail Cone d) Sail Shape

Figure 1. CAD Model of the Submarine Hull
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Figure 2. Submarine Control Surfaces

Numerical Computations

The numerical calculations were attempted by tHievidng certain steps.
The first step was the bare submarine body whicls waken as a
cylinderical shape for the flow calculations to eh& how to change flow
distribution according to different B/D ratios.Was analysed according to
1, 2, 4 and 8 ratio values. The subsequent stepsiumerical computations
for hull with sail, with hull-sail and aft planesnd finally having all
necessary control surfaces components of submiaimehave been carried
out seperately. All numerical computations were fqrened, in the
following figures, on the actual size of bare sulimabody. For each case,
the results are shown in Figures 3 to 7 respdytive

Mesh configutaion LD BD
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a) Pressure distribution b) Velocity distribution c) Velocity
wvector distribution (B/D=1)
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a) Pressure distribution b) Velocity distribution c) Velocity vector distribution (B/D=2)
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a) Pressure distribution b) Velocity distribution ¢) Velocity vector distribution (B/D=4)
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a) Pressure distibution  b) Velocitv distribution ¢} Velocity vector distribution (B/D=8)
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Figure 3. The pressure, velocity and velocity vector disttibns around a
cylindericsl submarine body (without sail, tailsdaother appendages) for
different B/D ratios.

In these figures, it can be seen that how the absgressure and velocity
distribution change around the submarine when tifemarine body is
assumed to be fixed and flow is coming from froftito The computed
values of absolute pressures and drag forces tarsey for different B/D
ratios of bare submarine body is given in tabl§He values given in this
table are calculated at 25 knots of submarine speed
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Table 1.The absolute pressures and forces (resistance®svir different
B/D ratios of bare submarine body

Drag | Percent of
B/D | Vii(M/S) | VhaxmM/s)| Rnin(Pa) | PmamPa) | force | Changing
(N) in force
1 0 15.698 39795 1838 235.39 -
2 0 15.358 43192 1752 168.59 %29
4 0 14.673 54406 1747 129.43 %24
8 0 13.957 59520 1589 126.38 %3

The values given in table 1 states that, consebutreasing B/D ratio of
the bare submarine body will lead to reduced treg dorce (resistance).
This shows that the resistance depends on theuypeedsstribution around
the body eventhough the minimum pressure valuesnareasing and the
maximum pressure values are decreasing acordinB/oratios geting
higher.

T - T— 4
a) Pressure distribution b} Velocity distribution c) Velocity vector distribution

Figure 4. The pressure, velocity and velocity vector disttibns around the

bare submarine body (without sail, tails and odpgendages).

10
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a) Pressure distribution  b) Velocity distribution c) Velocity vector distribution

Figure 5. The pressure, velocity and velocity vector disttibns around the
submarine body with sail.
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a) Pressure distribution b) Velocity distribution c) Velocity vector distribution

Figure 6. The pressure, velocity and velocity vector disttibns around the
submarine body with sail and tails (aft planes).

11
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Mesh configuration

a) Pressure distribution b) Velocity distribution c) Velocity vector distribution

Figure 7. The pressure, velocity and velocity vector disttibns around the
submarine body with sail and tails ( Hull+Sail+3lidnes+Aft Planes).

Table-2 A comparison of all results according to submgisrcomponents

Viin(m/5) | Vipaet5) | Pum(Pa) | Puax(mPa) | Force(N) | Percentage
difference
in_force

Hull 1.8506 14386 77120 179.08 126.64 -
Hull+Sail 1.9269 14434 68863 176.76 152.5 2020
Hull+Sail+Aft Planes | 1.2336 14.409 74503 179.36 179.9 %17
Full 1.4668 14.187 70443 177.64 204.72 %14

As can be seen from Table 2 that the resistanceares because the sail
area creates additional surface to create morstaese. On the other hand,
the pressure values do not change dramatically was obtained without

12
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having sail. The full body of the submarine givessl pressure value than
bare hull and Hull + Sail + Aft Planes form.

Flow Distribution Around Submarine According to Its Speed Variation

The absolute pressure and velocity distributionsued the model
submarine have been computed for the different swioe velocities from 0
to 2.18 m/s with increments of 0.364 m/s (corresjsoto 5 knots of
submarine speed). The results for each case annshdigures 8 to 12.

a) Pressure distribution b) Velocity distribution c) Velocity vector distribution

Figure 8. The pressure, velocity and velocity vector disttibns around the
submarine model at 0.364 m/s speed.

20 1306 463 57085

- ) o ———— o™ -
a) Pressure distribution b) Velocity disttibn c) Velocity
vector distribution

elacity (mrs)
4171 5276

13
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a) Pressure distribution b) Velocity distribution c) Velocity vector distribution
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d) Fore and Aft view of the Vectorel Velocity

Figure 9. The pressure, velocity and velocity vector disttibns around the
submarine model at 0.728 m/s speed.

14
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a) Pressure distribution b) Velocity distribution c) Velocity vector distribution
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d) Fore and Aft view of the Vectorel Velocity F

igure 10. The pressure, velocity and velocity vector disttibns around the
submarine model at 1.0912 m/s speed.
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i 1 — 3 : =

a) Pressure distribution b) Velocity distribution

d) Fore and Aft view of the Vectorel Velocity

Figure 11.The pressure, velocity and velocity vector distiidms around
the submarine model at 1.455 m/s speed.

15
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a) Pressure distribution b) Velocity distribution

¢} Velocity vector distribution
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d) Fore and Aft view of the Vectorel Velocity

Figure 12. The pressure, velocity and velocity vector disttibns around
the submarine model at 1.818 m/s speed.

a) Absolute Pressure (Pa) b) Velocty

R i) R 13 414 1§ AL faany !i'!l' 'NIi‘ L il "m'h'- T‘.‘” I"‘]J H-
c) Pressure (Pa) d) Wall Shear Sress (Pa)

Figure 13. The pressure, velocity and velocity vector disttibns and Wall
Shear Stress around the submarine model at 2.1824pmed.
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The computed values of drag and lift forces (rasist) for different speed
of submarine model is given in table 3.

Speed” | Drag Lift Absolute Absolute ¥ Pressure | Pressure | Thrust
(m/s) | Force | Force | Pressure Prassure m/s (Pa) (Pa) N)
(N} (N} Pa (min) | Pa(max) | (max) (min) (max)

0,7274 | 0,9934 7,528 | 1,0118e+05 | 1,0153e+05 | 0,80639 | -248,97 263,67 04070
1,0912 | 2,1005 | 16,9896 | 1,0100e+05 | 1,0192e+05 | 1,2117 -564,10 593,15 0,8994
1,4549 | 3,5955 | 30,2581 | 1,0074e+05 | 1,0238e+05 | 1,6161 -1008,5 1054,2 1,5826
1,8186 | 54765 | 47,3348 | 1,0041e+05 | 1,0297e+05 | 2,0207 -1575,8 1647,0 24572
2,1824 | 7,7347 | 68,2035 | 1,0000e+05 | 1,0370e+05 | 2,4247 -2271,4 2370,7 3,5217

Table 3. The absolute pressures and drag and lift foresssances) values
for different speed of model submarine.

* The speed values are given in the table for tbedehsubmarine. They correspond to 5 to 30 knots
of actual submarine speeds with 5 knots increments.

The values of maximum pressure, drag force anddifte acting on the
submarine model are given interms of Reynolds nunmbd-igure 14-16,
respectively.

Pressure (Pa) (max)-Reynolds Number
+ 68,2035

4
|

16,989

Pressure (Pa
(M
=

7,528

Reynolds Number

Figure 14.Reynolds Number vs Pressure (Max) (Pa)
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Drag Force (N)-Reynolds Number

68,2035

16,989
7,528
0 100000 200000 300000 400000 500000
Reynolds Number
Figure 15.Reynolds Number vs Drag Force (N)

Lift Force (N)-Reynolds Number
68,2035

4
|

Lift Force (N

16,989
7,528

0 100000 200000 300000 400000 500000
Reynolds Number

Figure 16.Reynolds Number vs Lift Force (N)

Investigation of the Sail Position According to Flav Distribution
This study was subsequently expanded to investiseeffect of sall
position on design of submarine hydrodynamic. Il known that the

18
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details of the position and shape of the submasakewill depend on the
number of masts, type of power source, type ofspepe as well as effects
on steering and dynamic stability. Indeed it pregich bridge platform for
conning the submarine on the surface and a suppgostructure for about
number of masts. It may also support the forwanatred fins. In the past,
the location of the sail has been dictated by thinelull penetration masts
like periscopes which could only be located in @@rpositions. This should
not apply in the future because of improved desighsuch systems to
provide non hull penetrating masts. Choosing threeco position and height
is important. If too tall it affects the centremofiss and may cause a greater
snap roll [8]. Any non penetrating mast needs topbaperly supported
Arentzen and Mandel [6] report that the drag obthkarge appendages may
be between 15-30 % of the bare hull drag.

In this study, six sail positions were examined finst position has been
taken from the nose point by L/(6.9) m for deteration of the flow and
absulate pressure distributions around it (see tépl Then the sail position
has been changed to backward by taking equal irerefrom its position
at each step for the computation of the flow anduldie pressures
distributions. On the other hand, the computatwage carried out for three
different sail cross sections such as NACA0012, NAC18 and
NACAO0024. The velocity and absolute pressure digtron values obtained
from CFD computations depending on changing theitipos of the
submarine sailing are shown in figure 19 and 28peetively where the
sailing cross section has been taken as NACAO®&Hore it can be
considered the design of the submarine sail, itnjgortant to review the
basic phyics of the flow around foil sections. Egample it is assumed that
the foil has constant section, and is long enoughthis case, the flow
around all sections of the sail foil is the sameg #his is describe as 2D
flow. Studying 2D flow can give many insights abdbe effect of the
section shape on the performance.

19
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Table 4. Sail locations

Position Sail location distance l.:rc:m fore point | The dis.ta.nce !J:.atween
to the back of submarine model successive positions
Position 1 232,2 mm 113,5 mm
Position 2 345,7 mm 113,5 mm
Position 3 459,3 mm 113,5 mm
Position 4 572,8 mm 113,5 mm
Position 5 686,4 mm 113,5 mm
Position 6 &00 mm 113,5 mm

Figure 17. The first and last sail positions distance frora flont of the
submarine

Table 4. NACA Profiles to be used in model sail

Thickness | Airfoil Lenght| Thickness / Airfoil Lengh
NACA0012| 8,4 mm 70,0 mm 0,12
NACA0018| 12,6 mm 70,0 mm 0,18
NACA0024| 16,8 mm 70,0 mm 0,24

Figure 18. Sail dimension for three NACA Profiles

20
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Position-1 Position-4

Position-2 Position-5

Position-3

Position-6

Figure 19. Velocity distribution with respect to the sail gams.

Position-1

Position-4

Position-2 Position-5

Position-6

Position-3
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Figure 20. Absolute pressure distribution with respect tongiag of sail
position

From the position of the sail of the submarine witle flow lines were
calculated by taking the values of absolute pressucertain places.
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Figure 21. Absulate pressure distribution around the subraarn8-D for
different position of the sail having NACA0018 csasection

Conculusion and Recommendations

The increasing capacity and speed of computersedaithe use of
computational fluid dynamics (CFD) to the maritinmelustry. In the last
decades, many developments have been observedffénedi areas of
incompressible flow modeling including grid generat techniques,
solution algorithms and turbulence modeling, andngoter hardware

22
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capabilities. One important conclusion is that Cgilzes the quite accurate
predictions, but requires many CPU-times. It caferob cost-effective
solution to many problems in underwater vehiclel liafms. However,
effective utilization of CFD for naval hydrodynamidepends on proper
selection of turbulence model, grid generation lbodndary resolution. The
most common turbulence modeling approach of todaRANS (with the
SST ke turbulence model), which is based on a statistregtment of the
fluctuations about an average flow; it is expedieat RANS will be the
preferred, and fully sufficient, engineering tool most design aspects. The
advantage of RANS is however that the approacltass fsince only the
mean flow is sought), and it is available in mo&iDCcodes. This method
can accurately predict the velocity field and absolpressure distribution
around a submarine and its resistance componentalsd gives the
possibility to visualize problem areas, such asasgwn zones. All CFD
calculations were performed at model-scale Reynolosbers of ~10 The
study easily can be extended to full-scale Reynoldsbers.

The ratio of beam to diameter (same as length amelier) bears a strong
effect on the total resistance. The more wettethsarthe greater the skin
friction. This can be seen from the computatiomsluits of the submarine
model used in this study (see table 1), the resistaf the bare submarine
body decreases with increasing B/D ( and L/D) rafibis states that bare
submarine’s body resistace depens on the pressirédoution around the
body eventhough the minumum pressure is increasimthe maximum
pressure is decreasing. Therefore if the displamdaime of the submarine
is contained in a long thin shape, then the skatidn is greater than for a
shorter, beamier shape of the same volume whichesasvetted surface. It
is proposed that a new shape be considered of besima@e or shorter
length and greater diameter which will reduce titaltdrag force closer to
the ideal.

In case of full submarine body including the saitlappendages, when the
speed increases the resistance of the submarireases as expected but the
minimum pressure falling and maximum pressure eses opposite to the
bare body case. This states that sail and appesgdaye an important role
in submarine design. Besides, the mesh blocks envibtinity of the sail
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affected by geometry and mesh topology changesnidsh away from the
sail remained unchanged, leading to more consi§EDBX results.

Apart from the hull shape, important items like #al and control surfaces
need to be optimised for position, size and shapmaximise operational
effectiveness and minimise resistance. The detéilbe position and shape
of the sail will depend on the number of items bhgebuilt inside of sail.

These details should be considered after the tesfithe model of the bare
hull. As a tentative first move the sail is drawnoved forward by

approximately L/7 m from the front of the submarineorder to maintain

the lateral stability and counter-balance the loskteral area aft. Indeed,
the sail position, shape and size might be welligled according to the
required volume for advanced future payloads. Tdie of the submarine

can now be discussed as it plays a major role adywring drag and hence
its design is critical. Research has proven thaaiamay contribute up to
30% of total submarine resistance.

As is known, it is one of the major problems in m@bine noises. Flow
noise is primarily caused by turbulence, and theegd shape of the hull is
less of a cause of turbulence than poor detaif@ny class of submarines
have had the "old style" sail for many years, wattly comparatively minor
attempts at streamlining. Their sails have sharpears to produce noise. It
would be obvious that the "rounded" "streamlineail would produce less
noise. Flow separation is the big cause of unawbédaurbulence, and
unfortunately there isn't much you can do about blegond a certain point.
One question will rise in our mind from a hydrodgma point of view,
which is better? The hull shape leads to flow neibéch is caused by flow
disturbance thus the hull shape effects the sulmapeed.

To validate the CFD code on similar sail shapes @wgitions calculations
will be compared with experimentally obtained datahe same from in a
wind tunnel or in a water channel. This data conspar includes flow

visualization, axial velocity and surface pressur€be agreement will
demonstrate that RANS codes can be used to prowidesignificant

hydrodynamics associated with these sail shapepasitions. To improve
the design several modifications can be done drpsaition are evaluated
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using the RANS code. Based on the predicted secpiiidav downstream
of the sail as well as the drag a new design isemowithout having to
build and test the inferior shapes, reducing time eost for the program.
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