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ABSTRACT

This report is the result of the master’s thesigettgped at the University of Galati in the
frame of the EMSHIP Erasmus Mundus Master Coutstedls with the numerical simulation
of the turbulent flow around a fully submerged Résho Operated Vehicle (ROV) with
ellipsoidal body using the commercial CFD code FINIE This ROV has as propulsion
system four ducted propellers, two for horizontagpthcement and two for vertical
displacement.
The purpose of this study was to investigate tlopuysive performance of this underwater
vehicle by computational fluid dynamics method.
Two types of 3D geometry of this ROV have been tecausing the CAD software
Rhinoceros 3D.

* The ellipsoidal ROV without propellers called bawly;

* And the ellipsoidal ROV with channels and propellas defined in the scope of work.

It is called ROV body.

Propellers are modeled as active disk and mountéad cylindrical channels parallel with x-
axis and the other two in channels parallel witxis.
FLUENT code was employed to compute the incompoés&RANS equations on structured
and unstructured mesh by using a finite volumertegle in order to access the forces acting
on the ROV and the flow field structure.
In order to choose the best turbulence model suibedhe viscous incompressible flow
around ROV body available in Fluent, we apply aif&tion and Validation method.
In order to investigate the numerical error we hdened 3 types of mesh on the bare body,
fine, medium and coarse. With each type of meslnawe run computations with all models
of turbulence. After that we will compare with tteaving tank results, in order to compute the
modeling uncertainty.
The simulations are performed at Reynolds nunRlger 7.68 = 10”5, which correspond to
the service speed of 3 knots in freshwater conuteccording to FLUENT.
The numerical simulations were performed on the R&\five speeds of interest ranging
from 1 m/s to 2 m/s. Propellers were substituteamyctive disk for which the pressure jump
is defined as boundary conditions.
Conclusions and recommendations are presentedekhsasvsuggestions about future work
related to the topic.

Master Thesis developed at “Dunarea de Jos” Urityews Galati, Romania
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ACRONYMS

ROV: Remotely Operated Vehicle (Underwater)

CFD: Computational Fluid Dynamics

CAD: Computer-Aided Design

EFD: Experimental Fluid Dynamics

PI1SO: Pressure Implicit with Splitting of operators
SIMPLE: Semi-Implicit Method for Pressure LinkeduE&dgions
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NOMENCLATURE
A, Cross-sectional area of the disk
B Width of the ROV
Cp, Drag coefficient
Cy Moment coefficient
C,  Pressure coefficient
C, Lift coefficient
d Propeller diameter
€ Dissipation rate
H Height of the ROV
I Depth rating
k Turbulent kinematic energy
L Length of the ROV
Ap  Pressure difference
Re Reynolds Number
P;  Effective power
Dynamic viscosity
p Density of the Fluid
t Thrust deduction fraction
U Flow velocity of the ROV
P, Pressure Jump
R;  Total resistance of the ROV
Distance from first node to the wall
+ Dimensionless distance from the first nodéheowall
v Kinematic viscosity of the flow
Ut Turbulent viscosity
X X-axis in co-ordinate system
Y Y-axis in co-ordinate system
Z Z-axis in co-ordinate system
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INTRODUCTION

A Remotely Operated Vehicle, abbreviated as ROVansimportant robot carrying out a
variety of task underwater. It is supposed to wiorkdeep water and riskier areas. It has
significant contribution in the exploration, insgiea, maintenance and repair of underwater
structures and also in the maritime security. He@vewe know that underwater environment
is very dynamic and can presented disturbancesiderwater vehicles in form of currents
during their tasks.

The availability of robust commercial computatiofiald dynamics software and high speed
computing has lead to the increasing use of thepatational fluid dynamics for the solution
of fluid engineering problems.

For efficiently reason through water, it is wantedinvestigate turbulent separated flows
around a ROV body using a numerical method, pricigee numerical simulation of the
turbulent flow around a fully submerged Remotely e@ped Vehicle body using
Computational Fluid Dynamics method.

The objective that must be achieved is to invettighe propulsive performances of the
moving ROV with ellipsoidal body.

The scopes of this work are:

I. Design a Remotely Operated Vehicle geometry hawltigsoid body, and as
propulsion system four ducted propellers, 2 forizwrtal displacement and 2 for
vertical displacement.

il. Perform numerical computations of fully submergeadtignary ellipsoid for
steady-state case.

iii. Use the commercial Computational Fluid Dynamics B Eode FLUENT from
ANSYS Inc. as tool for numerical computations.

iv. Investigate the effects of the angle of attackhlendeparation pattern as well as on
the hydrodynamic forces and moments.

Computational fluid dynamics method will be usedassess and investigate on ROV’s
hydrodynamics. Various methods of computational eiad available will be investigated in
order to choose one for evaluating hull drag. Magioelocities will be applied in order to
study the detailed flow structure

In the two first chapters, theoretical backgrouabdsut ROV, CAD model and CFD technique
are given. In the third chapter, Verification andlidation method is applied in to choose the

best turbulence model suited for the viscous inaesgble flow around ROV body available

Master Thesis developed at “Dunarea de Jos” Urityews Galati, Romania
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in FLUENT for evaluating the hull drag. In the tiast chapters, study case and results are
shown and discussed. The last part gives the ¢ioatlusions and recommendations for the

further work.

.  STATE OF ART OF THE REMOTELY OPERATED VEHICLE

1.1. General
The acronym ROV stands for Remotely Operated Vehidlich is an unmanned underwater
vehicle widely used in subsea industries. It p&sinumanity to explore and work in the deep
oceans without endangering humans by subjectingnthe the hostile deep water
environment. It is an underwater robot which isdme essential since the new offshore
development limited the reach of human divers. R@nscurrently used for a variety of aims
such as marine research, retrieval operationssanetillance system modules.
The ROV is controlled by a user located on theasugrfvessel and the control mechanism can
be either an umbilical cord or via wireless means.

Figure 1.1 shows us a variety of unmanned underwaddicles that have been made
overtime.

Figurel.1: Types of ROV [http://candrayasa.bloddetim/2011/08/16/rov/sus_rangel/]

In industry, ROVs are designed to move in severtierént directions and are used to
perform short range tasks. The selection of ROWsedisions is function of its components

to install.

“EMSHIP” Erasmus Mundus Master Course - periodtoflg September 2012 — February
2014
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Figure 1.2 depicts ROV components whplay an importantole in its operation

Pressure Vertical Thuster Vertical — Accessory  Accessory Port Main Hull
Sensor Cartridze Seal Prapeller Port Termunator Plug
/ ! / ;
P : f Horizontal
Main Dotz 3 IIl,-H Tluuster Guard

/ ;
Horizontal

‘ : — Propeller
Starboard 1 ’ b o
Light Dome' = = =\
- ' Horizontal Thiuster
. T Cartridee Seal
' _ Tether
a0 Whip
Primary _——
Camera

Tether Connector
with Locking Sleeve

Main Dome /

Retaining Ring Skid

Port Light Dome  Skid / Ballast Horizontal Tluuster

Figurel.2: ROV components
[http://download.videoray.com/documentation/vl_7tr@lfpro4/equip_rov.htn]

1.2. ROV geometry

Most ROVs are built inside or around a rectangfdiame witt a flotation pick on top to
provide necessary buoyancy. Our topic emphason ellipsoidal shape taking to accouni
the designof four ducted propeller two for vertical displacement and two for verti
displacement. Alsthe choice of ROV’s dimensions should be similar to existing ROV th
is why we had one looi the literature and some manufacturer catal

Following figures andable report some existing ROV with their charasters

Figurel.3: ROV LBV300-5 Figurel.4: ROV Falcon Figurel.5: ROV Siric
[http://www.seabotix.com/ [http://www.seaeye.com/ [http://www.ageotec.cor
products/lbv300-5.htm] falcon.html] cms/index.php/en/produi]

Some characteristicd the ROV from catalogs are giv below:
Master Thesis developed at “Dunarea de Jos” Untyes§ Galati, Romani
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Tablel.1: ROV'S characteristics from catalogs.

__Model LBV300-5 Sirio Falcon
Characteristic
Length [mm] 520 590 1000
Width [mm] 445 560 600
Height [mm] 260 450 500
Weight in air [kg] 13 40 60
Depth Rating [m] 300 300 300
Speed [m/s] 1.028 >1.543 >1.543
Thrusters 2 forward, 2 vertical 2 hprizontal , 2 1 forward 1
1 lateral vertical , 1 lateral vertical, 1 lateral

15

From literatureR. Gomes, et al[5] andObreja and Domnisoru [4] for designing purposes

used Remotely Operated Vehicles which have theachkenistics below:

Tablel.2: Different ROV’s characteristics from pepe

Mini -ROV from

Model ~ IEGSorITISSV ;O;?[E]' Obreja and Domnisor
Characteristics ' [4]
Length [mm] 120( 500
Width [mm] 670 350
Height [mm] 600 250
Depth [m] 300 30
Shape Rectangular Ellipsoidal
Speed [m/s] >1.543 1.543

Thrusters 2 forward, 1 vertical 2 horlzqntal , 2

1 lateral vertical

In order to follow the scope of work the hull dinseans of the ROV have been chosen as

reported inObreja and Domnisoru [4].

1.3. Numerical modeling of fully submerged Remotely Opeated

Vehicle (ROV)

Any CFD simulation starts with the realization dfet geometry in 2D or 3D with an

integrated CFD code or software using Computer-Ai@esign software. And then the
geometry must be imported in a format readabledftyvare mesh. STEP and IGES formats

are most commonly used.

“EMSHIP” Erasmus Mundus Master Course - periodtoflg September 2012 — February

2014
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1.3.1.ROV characteristics

As defined in the scope of work, the studied RO¥ ha elliptical shape meaning that the
body is symmetric.

The following table is describing the geometridadiacteristics of the ROV.

Table 1.3: Main characteristics of the ROV

Characteristics Symbol Value
Length L 500 [mm]
Width B 350 [mm]
Height H 250 [mm]
Mass hull M 5.2 [kg]
Propellers diameter d 50 [mm]
Service speed U 1.5432 [m/s]
Depth rating I 30000 [mm]

1.4. CAD Model
This study starts with the 3D geometry design a8 ROV using the CAD software
Rhinoceros 3D.
In order to study ROV'’s resistance and to analyg@ropulsive influences in this work, three
configurations have been made with the same mairacteristics of the ROV:

* The ellipsoidal ROV without channels and propellzabed “bare hull”;

* The ellipsoidal ROV with channels without propedlealled “ROV’s hull”;

* The ellipsoidal ROV with channels and propellerdaBned in the scope of work. It
is called “ROV body”.

Figure 1.6: Bare hull

Master Thesis developed at “Dunarea de Jos” Uniyes§ Galati, Romania
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Figurel.7: ROV body
The ROV body is moved by four ducted propellers mied in two cylindrical channels
parallel with x-axis corresponding to the main agfsthe ellipsoid and the other two in

channels parallel with z-axis. All propellers aomsidered to have the same characteristics.

Figure 1.8 : Cylindrical channels
Propeller modeling is based on the principle ofrtttanentum theory [21]which consists to
reduce the propeller as an actuator disk creatipgessure jump in the flow. Therefore, the
four propellers are modeled as actuator disk latatehe middle of each channel. Because of
the actuator disk force used the detailed geonadtihe propeller is not necessary in this

study.

Figure 1.9: Horizontal actuator disks

“EMSHIP” Erasmus Mundus Master Course - periodtofig September 2012 — February
2014
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Practically, it is not necessary to design threféedint geometries in order to cover these
three configurations motioned above because thie cis be set up as interior boundary
condition in FLUENT leading to the second configima about ROV’s hull. So, two
geometries are enough:

The bare hull presented figure 1.6and the ROV body shown figure 1.7.

1.5. Flow separation

All bodies travelling through a fluid acquire a molary layer of fluid around them where
viscous forces occur in the layer of fluid nearthe body surface. The moving fluid exerts
pressure forces normal to the surface and tandgehtar forces on the surface.

Turbulent flow is characterized by chaotic movemainthe fluid particles. In other words, it
is the three dimensional unsteady random motioerves in fluids. A reasonable assessment
can be made by calculating the Reynolds numbeheidcal flow conditions. That is given

by the following formula:

R, = pUL (1.1)
with u the dynamic viscosity) the speeg,o is the density anfl the characteristic length.
The presence of boundary layers is the consequainttee fluid viscosity that induces the
fluid to be attached to the walls giving a zeroexpat wall contact.
By separation, we mean the entire process of dapgadr breakaway, or the breakdown of
boundary layer flow [1].
Flow separation occurs when the boundary layeretsa¥ar enough against an adverse
pressure gradient that the speed of the boundgey lelative to the object falls almost to
zero. The fluid flow becomes detached from theamgfof the object, and instead takes the
forms of eddies and vortices.

Figure 1.10 shows the separation of the boundger @r the case circular cylinder.

Shear layer

Vorticity

Boundary
layer

Figure 1.10: Boundary layer separation [11]

Master Thesis developed at “Dunarea de Jos” Urityews Galati, Romania



Turbulent flow separation around a ROV body 19

In hydrodynamics, flow separation results in a draggease, significant lift loss and unsteady
fluctuations [6]. That is why much effort and resda has gone into the design of
hydrodynamic surfaces which delay flow separatiod keep the local flow attached for as
long as possible in order to reduce the energy uwuopson in submersibles through the

propulsion system.

1.6. ROV’s hydrodynamics

ROV’s hydrodynamics play an important role into timerestigation of its propulsive
performance. Propulsion features of a submergeg bogl found by the performance of the
body and the propeller system, in our context leygarformance of the ellipsoidal ROV with
its four ducted propellers, two for vertical dispganent and others for the horizontal
displacement.

The ROV’s resistance is affected by the induceaaist field of propellers and the ROV
body affects the propellers performance througlwéke. That is why, it is necessary to study
ROV resistance problem which is linked to the popsediction leading to a better choice of
the required engines which can optimize fuel corsion.

Flows of fluid over submerged bodies such as ROWyhavolve external flows which are
typified by freely growing boundary layer surroudd®y an outer region. Forces imparted by
this moving fluid can be described in terms walkkahstresses due to viscous effects and
normal stresses due to the pressure.

The lift force is the component that acts normaheflow direction.

The component of the resultant pressure and sloeeed in the flow direction is so-called
drag. The total drag force is the sum of the pmesturces calleghressure dragand the wall
shear stress callddction drag[3]. It acts on the ROV body to slow it down.

In practice it is not easy to separate their vahres the calculation way is by integrating over
the entire surface of body.

The dimensionless force coefficients are given by:

_ Drag
Cp =7 (1.2)
szZA

wherep is the densityL. the characteristic length addthe characteristic area.

Similar to drag coefficient, the lift and momenetiicients may be computed as:
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C, = Lift
%pUZA (1.3)
C, = Moment w4
% pUZAL '
The pressure coefficients are definec
A
C, = % pi)/z (1.5)

WhereAp is the difference of pressure between ROV’s sertawd far field:

The power required to tow the ROV without propefigstem is the effective powPy given

by:

whereU is the speed of the RO
One influence factor of the propeller on the hsilthe thrust deduction fracti t which is the

normalized difference between propellers thT and the total hull resistanR; defined by

Ry .7
t=1-——
T

To understand some basic concepts of proj flows, actuactor disk theory is use
Propellers are constded as actuator disk and generate a pressure ijurthe flow. The
created thrust is expressed in propeller planenaseased velocities and is uniforn

distributed over the disk.
FLUID COLUMN

ACTUATOR DISC
FAR ASTERN AREA A, FAR AHEAD

i I ’

-t — — — — —

PRESSURES
YELOCITIES

P2 R

Vﬂ-l-\l'! —— VA+V'|

R Po

Vh+v‘ —— VA

PRESSURE VYARIATION

Figure 1.11 Action of an actuator disk the axial momentum thec [22]
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The corresponding pressure jump is determined by:

T

whereA, is the cross-sectional area of the disk.

1.7. Published work

In the knowledge of the authors, excepting [6]reéhare few literatures concerning the CFD
analysis on the elliptical ROV. But some publisipeghers used CFD of whole submersibles
for estimation of drag force for design purposesifstance [5], [6], [7] and [8], while the
other emphasizes on the separation point at tfalaurface [9].

Turbulent separated flows are a complex behaviscriged byRoger L. Simpson([5] for
best understanding of this physical phenomenon.

I. Shukry et al [9] concerns a numerical analysis includes modetihseparation flow of a
two-dimensional, incompressible, steady and turiiulew around NACA 0012 airfoil. The
study includes the numerical solution of the camtypand momentum equations with the two
equations of thé&-£ turbulence model. Flow separation and its effectden different flow
conditions were described. Separation point agattieil surface is predicted at high angles of
attack. It is found that increase the angle ofcattaill lead to increases all of separation
occurrence, recirculation, and reversed flow alg@ssure, lift and drag coefficients are
highly influenced by the angle of attack and theyi®éds number before stall angle. The
computations were performed for different Reynaldsnbers and different angles of attack.
The lift coefficient increases with increase of Relgls number until the stalling angle occurs.
This paper shows that in the case of airfoil thereffectively a link between the angle of
attack and the separated flow.

Also J. L. Montagne [10] noticedwhen the submersible moves at sufficiently larggesnof
attack, these phenomena are characterized by tbaragon of the boundary layer vorticity
from the body surface.

R. Sakthivel et al[7] mentions after using the CFD approach that 3D #awulation can be
used to study the complex flow behavior over undeégwbodies at higher angle of attacks.
Taking underwater hull at a Reynolds number of 2L08 he shows that the nonlinearck-
model performs more well 3D turbulent flows witbvl separation and reattachment than the
standard k& turbulent model particularly at higher angle ofaek. It is found the key
parameter in flow variable at higher of angle deit is the circumferential pressure gradient.
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Y. Eng et al.[8] joins CFD results and basin tests in orderdweet a lot of different aspects
of the added mass and drag coefficient study afaéed down model of ROV. A new free
decay test has been used to find the added masdragdcoefficient. And the results are
compared with simulation results got from estal@d&ICFD program. This approach can be
scaled up drag coefficients for any ROV.

G. laccarino et al. [13] investigates the accuracy of Reynolds averajestier Stokes
(RANS) turbulence models in predicting complex ftowrhe unsteady flow around square
cylinder and over a wall-mounted cube are simulatetlcompared with experimental data.
The study shows that unsteady RANS provides go@uhtifative and qualitative agreement
with experimental data when the flow is not statadty stationary.

It mentionsthat none of the previously published numericaldprgons obtained by steady-
state RANS produced a good match with experimelati@ cause of the of coherent vortex
shedding in this flow.

Turbulent separation flows around ellipsoids ofimas aspect ratios are investigated using a
numerical method byUngureanu and Lungu [6]. Reynolds averaged equations for
continuity and momentum are solved by cell centdirdgte volume method for the primitive
variables to describe the 3D turbulent incompréssitow. Five different shapes were
considered and only three geometries and two armflesttack, which correspond to the
movement along the main axes of the ellipsoid. H@resome restriction imposed by the
minimum space required on board, led the authorshtose the 0.5x0.35x0.25m hull as
mentionedObreja and Domnisoru [4].

Both steady and unsteady flow cases were studiedhluunsteady computation has been
carried and it was found that the separated floourd the body results in a total drag
increase, significant lift loss, and unsteady fiations.

2. COMPUTATIONAL FLUID DYNAMICS METHOD

2.1. Procedure

Computational Fluid Dynamics or CFD is a part afidl mechanics which uses numerical
methods and algorithms to solve and analyze prablesfating to fluid flows by a set of
algebraic equations by using of digital computers.

Turbulent flow separation is a physical phenomemdnch can be simulated numerically
thanks to CFD Method. It is the physical problem tbis study before setting up the
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mathematical model. This flow should be simulatetih the Navier-Stokes equations and the
basic procedure to perform numerical simulatiorilwtl flows requires a discretization step
in which the continuous governing equations anddbenain of interest are changed into a
discrete set of algebraic relations valid in atémumber of location.
The general procedure [15] is given by the folloyvateps:

» Define the modeling goals;

» Create the model geometry and grid;

» Set up the solver and physical models;

e Compute and monitor the solution;

» Examine and save the results;

» Consider revisions to the numerical or physical elgérameters.

However, when performing numerical analysis, important to generate less numerical

errors.

The characteristics of the computer used are regantthetable 1.3and the solver

recommended in Computational Fluid Dynamics sinoteis Fluent 6.3.

Tablel.4: Characteristics of the computer used

Processor Intel® core ™ i5-2400, 3.10 GHz
RAM 4.00 GB
System type 64-bit operating system

2.2. Mathematical model
The beginning of any numerical simulation methothiss mathematical model after defining
clearly the physical problem. The mathematical nhogeans the set of partial differential or
integro-differential equations and boundary cowdisi. These equations callddvier-Stokes
equationsare fundamental for the fluid flow. The governieguations are the continuity, the
momentum and energy equations representing thewsa@i®n laws of physics.

* Fluid mass is conserved

» The rate of change of momentum equals the sumedbtices on a fluid particle
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» The rate of change of energy is equal to the sutheofate of heat addition to and the

rate of work done on a particle.

2.2.1.Continuity equation

The change of mass in a control volume is equdhéomass that enters through its faces
minus the total mass leaving its face. This equaitsobased on the law of conservation of
mass. Continuity equation, for incompressible fiith the velocity vector expanded ¥s=
(u,v,w),is given by

dJu OJdv Jw
= 3 +-=0 (2.1)
2.2.2.Momentum equation

Momentum equation results from Newton’s Law of Matensuring that the rate of change of
momentum of the fluid particles is equal to theatdbrce due to surface stresses and body
forces acting in an aligned direction of a choseordinate axis.

U

Ju 1
—+(u.V)u=—;Vp+F+EV2u (2.2)

ot
wherep, p andF are respectively the pressure, the fluid densitythe external force per unit

mass.

2.2.3.Energy equation
The energy equation describes the transport of dreaigy through a fluid and its effects and

is based on the first law of thermodynamics.

O V. (u(E+p)) =0 (2.3)

With E = pe +%p(u2 + v% + w?) the total energy per unit volume amdthe internal
energy per unit mass for fluid.

2.3. Discretization Methods
The next step after setting up the mathematicalehisdto choose the discretization method.
These methods are classified in four main families:

» Finite Differences Methods

* Finite Element Methods

* Spectral Methods

¢ Finite Volumes Methods
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The discretization of one physical problem withviéa-Stokes equations requires the
discretization of the fluid domain and the disaation of equations which are used under
integral form for each cell of the domain [14].

For this study, the commercial CFD code FLUENT Ib@sn recommended to perform
numerical computations. This software is able tdgoe incompressible and compressible
modeling of both laminar and turbulent fluid flovesd is also based on the finite volume
method where computational domain is discretizéal anfinite set of control volumes. The

steady-state conservation equation for transpaatsufalar quantity to be solved is:

3€ pdpv. dA = f Ty Ve.dA +fvs¢dv (2.4)

Wherep is the densityp the velocity vectord the surface area vectdf,the control volume,

S¢ the source op per unit volumey¢ the gradient of¢p andl'y the diffusion coefficient for

.

2.4. Numerical resolution approach for turbulent flow
In principle, turbulence flow is described by thever-Stokes equations which are the
governing equations of fluids. After discretizatidhese equations have to be solved by one
technique of resolution.
For turbulent flow modeling, there are several rapphes of resolution in current CFD
software according to the complexity of the simiolat Some of them are:
= Direct Numerical Simulation which is probably maecurate but costly and not use
in industry cause of time consuming;
= lLarge Eddy Simulation adapted for largest scaléanc of the flows;
= Detached Eddy simulation, available for the urdgeseparated region and able to
solve shear layer through RANS;
= Reynolds-Average Navier-Stokes approach availabiesfeady state simulation or
transient situation leading to a set of partialedténtial equations.
Most widely used approach for practical purposesR&ynolds-Average Navier-Stokes

method thanks to its advantage to apply an avegggiocedure.
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2.4.1.Reynolds Average Navier-Stokes

This resolution approach eliminates turbulencecstings by averaging procedures applied to
Navier-Stokes equations which are decomposed im#en and fluctuating components. For
incompressible flows and velocity components:

u= U+ u (2.5)
Whereu; anduy; are respectively the mean and fluctuating velooitjmponentsi(= 1,2,3).

Likewise, for the pressure and other scalar quastit
p=d+¢' (2.6)
Whereg¢ denotes a scalar such as pressure, energy, etc...

And the time averaging velocity component is gibgn

1 T
0

Substituting expressions into Navier-Stokes equatifor time averaging yields Reynolds-

averaged Navier-Stokes equations written below.

aul- —0

axi B (28)
al_l,l' e aﬁl _ 1 (625) d al_l,l —
ot " YWox;  pl\ax) " ax \ox, Y (2.9)

wherep, p andv are respectively the pressure, fluid density anderkatic viscosity of the
flow. The unknown termTu]’ Is Reynolds stress representing the effect oftdineulence,
must be modeled in order to closguation 2.8 Therefore turbulence modeling consists to
define the Reynolds stress in terms on known qiesitand the main turbulence model
assumptions are [14]:

* Reynolds stress transport models

* Boussinesq hypothesis giving simple relationshipwben Reynolds stresses and

velocity gradients through the eddy viscosity.

__ ou; 0w\ 2

The challenge is how to express the turbulent gisg@mong various models classified in

terms of number of transport equations solved ditamh to the RANS equations.
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2.5. RANS Turbulence Models available in FLUENT
According to [15], for computing turbulent flows ARIS models offer the most economic
approach and are suitable for many engineeringcgtigns. These models provide an Eddy-
Viscosity to determine the Reynolds Stresses am@lgy the problem to the solution of the
additional transport equations.
RANS turbulence models available in FLUENT are rnuered below:

* Spalart-Allmaras One-Equation Model,

* k-¢ Models;

* k-o Models;

* Reynolds Stress Models (RSM).

2.5.1.Spalart-Allmaras One-Equation Model

The Spalart-Allmaras model is a one-equation madsd to approximate the Reynolds
Stresses in Reynolds average Navier-Stokes eqgaliosolves a modeled transport equation
for kinematic eddy viscosity. The transport equaisdefined by [15]:

0 () o5 P, o (07 2
o%) (u pv)axj b2 \ 5

Y, +S; (2.11)

%(pﬁ) + aixi (pPu;) = G, +aiﬁ
where
* ¥ is the transported variable considered as theukeinb kinematic viscosity except in
the near-wall region;
* G, is the production of the turbulent viscosity;
* Y, is the destruction of turbulent viscosity that wscin the near-wall region due to
wall blocking and viscous damping;
* (p, andoy are the constants amdhe molecular kinematic viscosity;
e Sy is auser-defined source term.
Turbulent viscosity; is obtained from

te = pUfin (2.12)
With the viscous dampinfj,; given by

7 3
for = i (2.13)

~ 3

) +Cy

~
NS
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The Spalart-Allmaras model has been shown to givacgurate prediction of turbulent flow
with adverse pressure gradients. This model is ¢asynplement on the structured and

unstructured grids and also numerically very stable

2.6. Nearwall modeling
Inasmuch as walls are the main source of turbulemce mean vorticity, it is necessary to

perform an accurate representation of the flovhertear-wall region where boundary layer is

created.
Ut = 2.5 In{UT yiv) +5.45
ant
3 i
~}———  inner layer 4."4 i o
Wit = Ut yiw
= outer layer
=
5 -
buffer layer fully turbulent
ViSCous or blending region or upper limit depends
sublayer region log-law region on Reynolds number
+_ * _
et yi-=40 In Ut yiv

Figure 2.1 : Subdivision of the Near-Wall RegioB][1

Experiments and mathematical analysis have shovat tie near-wall region can be
subdivided into three layers:
* Viscous sublayer where the flow is almost laminad ahe viscosity plays an
important role in momentum and mass transfer.
* Fully-turbulent layer where turbulent plays a magle.
* Finally, buffer layer, an interim region betweescous sublayer and Fully-turbulent
layer where the effect viscosity and turbulenceeayeally dominant.
There are two approaches to modeling the nearregibn and both are available in Fluent:
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* Wall function approach, where the flow near thelwsahot solved, but determined by
using semi-empirical formulas in order to bridge thiscosity-affected inner region
between the wall and the fully-turbulent region.

* Near-wall model approach, modifying turbulence niede order to resolve with a
mesh all the way to the wall, the viscosity-affelctegion.

To solve turbulent problem in this study, Near-walbdel approach will be used for the
modeling of the near-wall region. That requiresiaimum spacing between grid elements in
order to correct model the viscous sublayer inkibendary layer. The estimation of the first
cell sizey is based on the ITTC standard method [16] and gimefunction of the non-
dimensional wall distance* (y*at the wall adjacent cell should be on the ordeyof= 1
[15]), and the local Reynolds numbker of the ROV.

The expression foy™ is

y* = pury/u (2.18)
whereuy is the velocity friction, defines a\ﬁw/p
+
L
y=—2 (2.19)
Re /Cr/2
0.075

= 2.2
r (logio Re — 2)2 (2.20)

whereL is the length of ROV ang; the skin friction coefficient.
The Reynolds number corresponding to the lengththef ROV is equal.68 * 10/5.
Therefore, the value of the first cell thicknessttmust be introduced during the grid

generation procedure js=1.3E> m.

2.7. Grid generation
The grid or mesh is the discrete representatidghefjeometry of the problem, designating the
cells over which the flow is solved. It has gredtuence on the solution accuracy, the rate of
convergence and the CPU time required. Mesh geoerat a very important step in a CFD
analysis because of its influence on computations.
For this study, the process of meshing is perforosdg GAMBIT software.
Several kinds of grid topology are available:

» Structured grid identified by regular connectivity;

e Unstructured grid identified by irregular connetiivwith no constraints on cell

layout and no i, j, k grid index;
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e Hybrid grid containing a mixture of structured ponis and unstructured portions.

In order to capture all important flow features trid must be fine.

2.8. Numerical schemes
Navier-Stokes equations show linear dependencelotity on pressure and vice-versa. This
relationship between them is called velocity presswoupling. Several methods are available

in order to realize this velocity pressure coupling

« SIMPLE
« SIMPLEC
 PISO

e Coupled

Cause of the steady-state problem to solve inwus, SIMPLE algorithm will be used
meaning the velocity field is determined by solvthg momentum equation, and the pressure

gradient is obtained using the pressure distrilbuiom the previous iteration.

2.9. Body forces
As the objective of the study is to investigate thepulsive performances of the moving
ROV which is linked to resistance, it is necesdaryinderstand how the commercial code

FLUENT computes the different forces and momennhgain the ROV body.

2.9.1.Forces and Moment Reports
After computations, the commercial code FLUENT I@deato provide forces and moment
reports in text file or others. According to thiftsvare [15], the total force component along

one specified forces vectdracting on a body surface is computed as:

Total force component  Pressure force component Viscous force component

Wherefp) andﬁ; are the pressure force vector and the viscous fagctor.
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The net pressure force vector is calculated ase¢b®r sum of the individual force vectors for

each cell face:
n
Fp = Z(p - pref)Aﬁ (2.2)
n =

Z Aan - Presz" (2.3)

Wheren, Aand#n are the number of faces, the area of the facatandit normal to the face
respectively.

The total moment vector about one specified cedtisrgiven by:

My = Top * F_p) + Top * Fy (2.4)
Total moment Pressure moment Viscousambm

wherer’)p is the vector from the specified moment ce@éeo the force origirB.

3. VERIFICATION AND VALIDATION

The ability of the computational Fluid Dynamicspimvide a numerical solution is important
but no enough because of its credibility as an mawjing tool which depends on the
guantification of the error / uncertainty of thesutts. This process is known in the literature
as Validation and verification (V&V).

Roache, P. J[23] adopts the succinct description of verificatas “solving the equation
right,” and of validation as “solving the right exjions.”

For this study, the commercial CFD code FLUENT bagn used to perform numerical
computations. This software provides various turhok models. The choice of turbulence
model depends on many considerations like the physi the flow, available computational
resources, amount of the time available for theutation and the establish practice for a
specific class of problem, etc.

To make one appropriate choice of model for ourusation, Verification and Validation
method fromASME V&V 20-2009 [17], will be applied in order to determine the model
which provides less discretization error meanirgyghitable one for simulating turbulent flow
around ROV body. Also this method will help us &digate computations during this study.
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3.1. Verification and Validation methodology

ASME V&V 20-2009 [17] procedure consists to compare simulation resuls®ltions with

an experimental data for variables of interest specified set of conditions. The erd®of a
simulation or experiment is the difference betweaitulated and measured value and the
truth.

Reality of Interest (Truth): Experiment “As Run”

Modeling 8modal
assumptions ¥

Simulation
madel

% Experimental Simulation inputs Binput
errors {properties, etc.}

Mumerical solutions Onum
of equations

L 3

; Comparison error.
Experimental data, O - E-S5-D

A

Simulation result, 5

validation uncertainty,
Uyal

Figure 3.1 : Overview of the validation procesgwgburces of error [17]

The validation comparison err@ris defined as:

E=S-D (3.1
wheresS is the simulation result ar@l the experimental data.

The error in the simulation resugtthe difference betweehand the true valu€:

Also the error in the experimental valDds:

Usingequations 3.2nd3.3, the expression of the validation comparison dfrbecomes:

E=(T+6s)— (T+p) (3.4)

Three kinds of error can be considered when perfgymumerical simulation:

* The errords,, due to modeling assumptions;
* The errordsy due to numerical solution of equations;
* The errordg;, in the simulation results due to error in the datian input parameters.

Hence the numerical error can be defined as:
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Os = 8sm + 6sn + Osin (3.6)
And the associated numerical uncertainty is

U§ = Uy + Uy + Udpy (3.7)
The modeling errodg,, is deduced from equatioBs4-3.5
Osm = E — (6sn + 8sin + 6p) (3.8)

F. Stern et al [18] defines the validation uncertairity,; as

Uja, = Uf — Uy = Uy + Uy, + Uj (3.9)

and characterizes an interval in which falls thelelimg errordgy € [E — Uyyr; E + Uy gyl
F. Stern et al[18] andRoache, P. J23] recommended that the certainty level of thietsan
should be 95% in the ship hydrodynamics.

3.1.1. Comparison error vs. validation uncertainty

As defined abovethe validation comparison err@ is the difference between simulation
results and experimental data.

If |E| is greater than or equal W, the modeling errafg, is probably similar tdE].
There is information about the need to improventioelel,

If |E]| is less tha, 4, the modeling errod,, is smaller than the noise that originated by the

numerical, experimental and input parameters uaiceyt

3.1.2.Numerical uncertainty
Numerical errors and uncertainties can be basdtese three parameters:

* Round-off errorsdy;
Round-off errors are due to the finite precisiorcamputers. They can be ignored if it is used
double precision solver or 64 bits architecture Imvaes, which allows the representation of
numbers by fifteen characters compared to onlyrs@veimple precision. For this reason all

numerical computations were performed with the d®gplecision solver.

* lterative errorsg;;
Iterative errors are from the equations nonlingasdlved by numerical methods and can be
eliminated if the solution converges to machinecizion.
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According toRoy et al.[19] andEca., Hoekstra et al[20], iterative errors can be neglected
if they are two or three order of magnitude smahen the discretization errors.

» Discretization errorsj.
Discretization errors are a consequence of thesfioamation of the continuum equations into
a system of algebraic equations.
ASME V&V 20-2009 [17] defines five step procedures in order to deterndiseretization
errors and its associated uncertainty or fine coyergce index abbreviated GCI.
The procedure is the following:

= Define a representative grid silzdor three-dimensional calculations.

For unstructured grid we have:

N
1
h= [N;(Avi)

whereN is the total number of cells used for computatiandAV; the volume of thécell.

1/3
(3.10)

= Select three significantly different sets of gr{fise h,, mediumh,, and coarsé;)
and run simulations to obtain the values of keyiakdes ¢ which are drag forces for the
present work. But before we have to choose thergfidement factor greater than 1.3 that
is based on experience. It allows to establistebfit size of grid,, h, andh;.
Generally, the grid refinement factor can be alowated by

h
r = coarse ( 311)
hfine
For this study the value of the grid refinementdacs kept constant in order to set these three

= Determine the apparent order p lgK h,< h3, 15, = % andry, = 22
1

h3
p= ﬁ |in|%2/e,, | + q)| (842
4@) = In Cj% :z) 519
s = 1sign(5%/s, ) (3.14)
With e, = ¢s — b, (3.15)
. (3.16)

= Calculate the extrapolated values from
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vt = (r2p1¢1 - ¢2)/(sz1 -1 (3.17)
Similarly ¢2%, can be calculated.

= Compute the discretization error with:

21

Coxt

8¢ = (3.18)
p
r,,—1
Where the extrapolated relative error is
12 _
¢h=-ifﬁj2 (3.19)
ext

The discretization uncertainty/;;) or the fine grid convergence index (GCI):
U; = GCI = F5| 6| (3.20)
whereF; is the factor of safety and according to
Fs =125 if 0.5<p <35 p>45
Fs=3 if 3.5<p<45 p>05

The numerical error is expressed by:
651\] = 6R + 61 + 6(; (321)

and the associated uncertainty equation is:

UZy = U3 + U? + U (3.22)
For simulating flows around the ROV body, the nucarerror §sy will be based on the
discretization errorg; because of double precision solver used and #hesl convergence

criterion.

3.2. Verification

3.2.1.Simulation of the flow around the fully submerged lare hull

Numerical simulation of flow around the bare hudkdribed irsectionl.sqhas been performed
in order to choose the turbulence model that pesvikss discretization error by applying
Validation and Verification method from ASME V&V 22009 [17].
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Validation and Verification method frorASME V&V 20-2009 [17] is recommended |
Celik, I. B., et al [2] for discretization error estimation ¢ is used in order to access |
accuracyof our computational simulation arfind the model of turbulence suited to -
simulation around the ROV bod

3.2.1.1. Domain of simulation

The computational domain is the area of iest for the simulation of the flow around f
ROV. If it is too small, it may affect the resulté the simulation through the surroundi
boundaries.

In order to ensure that there is no effect fromgheounding boundaries, the computatic
domain havbeen made by scaling each radius of the ROV byTtearefore the computation
domain has ellipsoidal shapke the ROV,and its size is 10L*10B*10H.

FLUID A
DOMAIN
Y z
X
BARE
BODY

Figure 3.2: Perspective view of the computatiormahdir, bare hu

z z
[ . I:!_ ¥

-

11*H P 11°H
% 71°L . _
11*B
Figure 3.3: Righview Figure 3.4: Back view of t
of the computational dome, bare hull computational doma, bare hull
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3.2.1.2. Mesh

Both structured and unstructured grids have be@&ergéed in this simulation. The domain
surface and the bare body surface have the sardegkidrilateral elements (Pave). In order
to provide the availability for controlling boundes layers, mapped hexahedral volume mesh
is employed inside the fluid domain. As determinedsection 2.6 the value of the wall
distance introduce for modeling boundary layemjsa to 1.3E° m with a growth ratio of 1.2.
All grids have been performed using the softwareMBAT and the figures below present

grids from computational domain for fine case.
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Figure 3.5: Grid around bare hull

Figure 3.6: Grid on the bare hull
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In order to apply theASME V&V 20-2009 [17] errors discretization procedure, three

significant grids have been generated with constaatsening rati@,; = r;, = V2 and the
same near wall distancési, so that the steady-state solver perform thetiay layer in the

same conditions.

Table 3.1: Grid generation conditions

Grids Fine Medium Coarse
1 2 3

B'\Hmber ofcells 1976800 698904 247100
Mesh size[hi] 0.02261 0.03197 0.04521
Near wall y =1 y =1 y =1
Grid rati r21= 1.41

rd ratio r32= 1.41
Domain volume 22.83772 22.83772 22.83772

3.2.1.3. Boundary and initial conditions

The computational domain is divided into many partsrder to set boundaries conditions:
* Inlet defined as velocity inlet;
» Qutlet as outflow boundary condition ;

» Bare body defined as wall (No-slip boundary cordi}i

z

b

Inig Qutet

Figure 3.8: Boundary condition for bare hull
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The velocity inflow condition is imposed accordirtg the operating ROV speed at
theupstream. Hence, longitudinal uniform velocityl 432 m/s is introduced at the inlet.
Outflow boundary condition is used for the downatneand outer boundaries.

The turbulent length scale is equal to 0.035 m,mmga7% of the ROV’s length and the
turbulent intensity set up to 3% for the velocitiet boundary condition.

No-slip boundary condition with a Neumann presswaes been applied on the ROV surface
defined as wall meaning there is no fluid penatrabn ROV’s surface and the fluid is at rest

there.

3.2.1.4. Solver set up

The commercial CFD code FLUENT is used to simuiatbulent flow in this study.

Numerical computations were performed at ReynoldslrerRe = 7.68 = 10°5 with the
double precision steady-state solver. Spalart-Alasdurbulence model is employed for the
Reynolds stress of the turbulent flow computatibzexro angle of attack. The convergence
criterion is set as IDfor momentum, continuity, kinematic energy andsifiation rate.
SIMPLE algorithm has been used for pressure veloctupling. Second order upwind
scheme is used for momentum and turbulence quemtiihe reference values used for

computing total forces (as descriliadsection 2.9.)lare presented iappendix B

3.2.2.Results

The discretization errors are computed followingSmethod [17]. Round-off and iterative
errors were neglected due to double precision sobsed and iterating until machine
precision was reached. Results are presented tahe 3.2

Table 3.2: Discretization error and uncertaintytfor total drag forces in [N]

Turbulence F_ine Medium Co_arse Discretization Discretizfation
model Grid#1 Grid#2 Grid#3 error uncertainty
Forces [N] | Forces[N] | Forces [N] 0G [%] UG [%]
SA 7.7207665 7.6112397 9.1473354 0.1089 0.1361
KES 10.274434 10.302896 10.290131 0.2253 0.2816
KERNG 6.1109277 6.2389111 6.488291 2.2080 2.7600
KER 6.5435718 6.6625013 6.8730493 2.3593 2.9491
KWS 32.414518 44.709143 45.449136 2.4291 7.2873
KWSST 11.73214 12.868474 8.0203764 2.9652 3.7065
RSM-LR 0.5472548 9.1122949 16.07974] 0.3033 0.3792
RSM-LPS | Divergent Divergent Divergent - -
RSM-QPS | Divergent Divergent Divergent - -
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3.2.3.Conclusion

After applying ASME Validation and Verification predure [17], it is found that the
turbulence model Spalart-Allmaras (abbreviated 8¥gilable on FLUENT vyields 0.1 % of
discretization error which is less than others. Spalart-Allmaras model is the suitable
turbulence model for simulating viscous incomptgesflow around ROV body in this study.
Therefore, Spalart-Allmaras model will be use tofgen simulation in order to investigate

the propulsive performances of the ellipsoidal ROV.

3.3. Validation
In order to validate numerical computations sonsiagptions are needed:

* Numerical uncertainty from the bare hull is equalthe one of the ROV with
channels; bare hull and ROV body have same shagpealiamensions, moreover it is
complicated to generate three significant mesheshannels.

* Simulation results errofs;,, due to simulation input parameters and its aststia
uncertaintyUs;,, are neglected; the input data and parametersvater density and

viscosity, are set as the nominal value or asswasetll.

3.3.1. Experimental uncertainty

The experimental resistance tests of the studied R&ye been performed in forward motion
by Obreja and Domnisoru [4]. The experimental tests were performed at 20°C éeatpre
water in the towing tank of the Faculty of Navalchitecture of the “Dunarea de Jos”
University of Galati (figure 3.2).

Built by the British Company Cussons Technologg, tibwing tank has 45*4*3 meters in size
and is able to tow experimental models at a maxinspeed of 4 m/s thanks to one fitted

automatic carriage.
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Figure 3.9: The towing tank of the “Dunarea de Jdsiversity of Galati, Naval Architecture
Faculty.

The ROV was built at a 1:1 scale and was coupldédeaarriage thanks to one hydrodynamic
profile in order to be submerged.

V=1m/s V=1.5m/s
Figure 3.10: ROV-hydrodynamic support systeth [
According toObreja and Domnisoru [4], the measurement error of the forward motion
resistance tests was about 2%. Therefore, the iexgetal uncertainty/, will be considered
as 2%.

3.3.2.Validation uncertainty

Taking in account the assumptions madeseéction 3.3 the validation uncertaintyy,,; is
reduced to:

UZa, = U2y + U3 (3.22)
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As mentioned aboveexperimental uncertainty is equal to 2% and knowtimg numerical
uncertainty which is 0.14 %sée table 3.2 the validation uncertainty can be deduced. 5®, t
validation uncertaintyy 4, for simulating flow around ROV body will bi2%.
Uyar = 2%.

The validation comparison errd for the nominal speed has been computed as differe
between CFD and EFD results for the service spde8@ knots and is equal to 0.82%.
According to paragraph 3.1.1E| = 0.82% is less tha/,,;, = 2%. This means that the
modeling errorégy€[—1.18;2.82] is smaller than the noise originated by the nucadri

experimental and input parameters uncertainty.

4. SIMULATION OF THE FLOW AROUND A FULLY SUBMERGED
REMOTELY OPERATED VEHICLE (ROV)

The aim of the study is to investigate the promealsperformance of the moving ROV

described irfigure 1.8(section 1.4).The study of the ROV resistance problem is necgssa
for understanding propeller influences. Simulatiom$l be focused on the longitudinal

displacement of the ROV because that is its mairkiwg axis.

In order to determine and investigate on the rasts, numerical simulation of the turbulent

flow around the ROV body is performed at five speetlinterest ranging from 1 m/s to 2 m/s
in freshwater conditions according to FLUENp £ 998.2 k—gs,y =1.003 «1073Pa . s),
m

similar to the experimental conditiorsgction 3.3.1.
Two cases were considered:

e Simulation around the ROV without propellers call®®IOV’s hull” in order to

determine the resistance of the ROV body.

» Simulation around the ROV with propellers calledOR body”.
Both cases have same simulating condition and ggiteration; the difference is only about
their geometry. In other word “ROV’s hull” is th&OV body” without propellers.
Figure 4.1 shows the computational domain whictinéssame used for the simulation of the
bare hull seen isubsection 3.2.1.1
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FLUID DOMAIN i

Figure 4.1: Perspective view of the computatiorahdin, ROV body

4.1. Grid Generation

Structured and unstructured grids are modeledhesdas simulations. The mesh generation
was the same performed for bare hull caseséction 3.2.1.¢ except the mesh created on
cylindrical channels and actuator disk area comedieas propeller surface. A structured
hexahedral mesh is employed inside the fluid domain

The figures below depict grids on and around th&/ROdy.
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Figure 4.2: Mesh around ROV body
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Figure 4.3: Grid on the ROV body Figure 4.4: Boundary layer meshing

As defined in the scope of work, the ROV has foatuator disks mounted into two
cylindrical channels parallel with x-axis corresdomg to the main axis of the ellipsoidal

ROV and the other two in channels parallel withxsa
Tetrahedral volume mesh is generated on each eylmolume. Therefore triangular surface

mesh is created on actuator disk area.

The following figures show the mesh generated esdhimportant parts of the ROV
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Figure 4.5: Grid on propulsive system of the ROV

Figure 4.6: Grid on channels
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4.2. Boundary and initial conditions

4.2.1.ROV body case

Velocity Inlet conditions are imposed on the faldi domains, while outflow condition was
imposed at the exit of the ROV’s hull. No-slip bdany condition is chosen for the ROV
surface and also for horizontal and vertical chérfean boundary condition is used for the
actuator disk surface in which the pressure jumptieduced according to the corresponding
velocity.

The turbulent length scale is equal to 0.035 m,mmga7% of the ROV’s length and the
turbulent intensity set up to 3%.

Figures below describe boundaries conditions.
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Figure 4.7: Boundaries conditions concerning thmaio
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No-slip condition X
(vertical channel)

No-slip condition
(horizontal
channel)

Figure 4.8: Boundaries conditions concerning theeROV

z

No-slip condition
(vertical channel)

Fan boundary condition
(horizontal actuator disk)

Figure 4.9: Boundaries condition concerning thepplsion system, ROV body case
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4.2.2.ROV’s hull case

The boundary and initial conditions are also thaesased for the ROV body case mentioned
above except for the fan boundary condition whiek heen removed. So, the actuator disk
surface is defined as interior boundary conditioroider to obtain the hull resistance of the

ROV without the effect of propeller modeled as atbu disc.

No-slip condition
(vertical channel)

Interior boundary condition
(horizontal actuator disk)

Figure 4.10: Boundaries conditions concerning ttopplsion system, ROV’s hull case.

4.3. Solver setup
The solver and the used numerical schemes areathe employed for the case of the bare
hull seen insection 3.3.1.4The numerical simulations were performed at thdeanfattack

equals to zero and the reference values used foputing total drag forces are reported
below:

e Aread = 1m?
e Densityp = 998.2 kg/m?
* Pressurep =0 Pa
e LengthL=1m
Cause of the flow symmetry in both XY-plane and plane, the mean lift and moment

coefficient are zero.
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5. RESULTS AND DISCUSSIONS

Simulations have been performed at velocity randimgn 1m/s to 2 m/s around the “bare
hull,” “ROV’s hull” and the “ROV body”.

“Bare hull,” “ROV’s hull” and the “ROV body” are €ferent configurations made section
1.4in order to study the selected ROV which has bescribed irsubsection 1.3.1

5.1. ROV resistance

5.1.1.Numerical results from ROV’s hull case

The purpose of this simulation is to analyze tlmvflaround the “ROV’s hull” in order to
obtain through this analysis the resistance aretefe power of the studied ROV defined
section1.3.1 It will allow one investigation on the propulsiperformance of this vehicle a
little later.

The total drag forces acting on the ROV is deteeuiby simulating the flow around the
“ROV’s hull”.

The results of this simulation are presented inld &bl,together with the statistical results

and the experimental data fradbreja and Domnisoru [4], for all five speeds of interest.

Table 5.1: Resistance of the ellipsoidal ROV

Speed, v [m/s] 1 1.25 1.5432 1.75 2
Reynolds number 4.98E+05 6.22E+05 7.68E+05 8.73%E+MI5E+05
Statistic Method [N] 9.79 12.97 15.95 18.56 20.68
EFD [N] 5.7 8.83 13.42 17.18 20.89
CFD [N] 5.77 8.94 13.53 17.33 22.54
Validation comparison error

1.23 1.25 0.83 0.87 7.89
E =<2ED) , 100[%]

EFD

It can read from the table above the resistancth@fROV computed numerically at the
service speed (1.5432 m/s).

The error is less than 2% for the speeds of 1 mdsla25 m/s; And also less than 1% for the
speeds of 1.5432 m/s and 1.75 m/s.
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The results of the turbulent flow simulation arouhd “ROV’s hull” has been also plotted for

each speed of interest. The following figure présetne total drag forces computed

numerically, and the statistic and experimentalsorie can be observed that the ROV
increases in resistance when the speed is raised.

25 -

225

20

17.5

15

——CFD
12.5

——EXPERIMENTAL

Resistances [N]

10 ;
STATISTIC
7.5

0 T T T T
1 1.25 1.5 1.75 2 2.25
Speed [m/s]

Figure 5.1: Comparison between CFD and EFD results.

For the last speed, CFD and experimental resuétsbardifferent with an error of 8%, but
resistance versus speed curves slope are almasdrine
It can observe that on the regime of working of RV the error is less than 2%.

In conclusion simulation results have good agre¢méh the experiment data.
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The effective power corresponding to the resistamc@lotted below as function of speed.

Effective power
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Figure 5.2: ROV effective power versus speed

5.1.2.Axial velocity distribution

5.1.2.1. Bare hull case for all speeds
The following figure presents the distribution bétaxial velocity behind the bare hull.

X Velocity

1.6
1.4
1.2
1

0.8
0.6
0.4
0.2
0

Figure 5.3 : Axial velocity distribution behind thare hull
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It can be noticed that the velocity behind the Wharéis equal to zero. This is due to the effect
of the vortices formed during the fluid motion. Yoes are reduced when the velocity is

increasing.

5.1.2.2. ROV’s hull case for service speed
This figure 5.4 shows the distribution of the axialocity around the ROV without propeller.

Figure 5.4: Axial velocity distribution for the sére speed of 1.5432 m/s

The velocity is greater at the middle of the body megative behind the ROV body. This

negative value of the velocity indicates the craabf the vortices behind the ROV.

In order to provide the details of flow developmerer the ROV length, streamlines pattern
are plotted in figure 5.5 and also in figure 5.6e8mlines are suitable to study the nature of
fluid motion in the complex flow field.

The streamlines are symmetrical in respect to line &xis and it can be observed turbulent
flow separation point in figure 5.6 leading to theneration of the vorticity region or

separated region.
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Vortices

Figure 5.5: Streamlines and vortices around the RéDéervice speed

Separation point of the flow I
=———= ; X
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Vorticity
Separation point of the flow region

Figure 5.6: Vorticity region, ROV’s hull case
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5.1.3.Pressure distribution

5.1.3.1. ROV’s hull case for service speed

Figure 5.7 depicts the pressure distribution arothel ROV without propeller at service

A

speed.

JQ/

200

Pressure

Figure 5.7: Pressure distribution for the servioees
It can be observed one variation of pressure albadength of the ROV at the service speed.
The pressure is high in front the ROV and fallgeoo behind the ROV body.

5.1.4.Comparison between all cases

Simulations have been performed at velocity ran@iaom 1m/s to 2 m/s around all bodies or

all configurations as mentioned at the beginnintha chapter.

Figure 5.8 shows a comparison between the draggaromputed on the three configurations
considered irsection 1.4

For all configurations, the total drag force in@es with the speed. The ROV’s hull case
provides large drag forces than bare hull cases iBhilue to the importance of the wetted area
inside channels. On the other side the ROV’s hadlecgives less drag forces the ROV body
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case. This second situation is results of the eftécthe actuator disk leading to more

significant viscous component of the resistance.
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== ROV's hull
== ROV body

Bare hull

Dra g forces

N

Figure 5.8: Comparison between all cases

5.1.4.1. Velocity distribution for design speed

In order to compare velocity distribution, simutets were carried out around all bodies or
configurations at the same service speed of 3 kAdts simulation condition was the same
mentioned in chapter four.

Figure 5.9 describes the velocity distribution ardthe “bare hull”, the “ROV’s hull” and the
“ROV body".

For the bare hull case it was shown that the vlaeiative to the upstream is reduced behind
the bare hull with small disturbance due to thdiges. However, in the ROV'’s hull case the
disturbance is increased behind the body. Thisiestd the acceleration of the flow from the
cylindrical channels. The last case “ROV’s bodyiste different to the others cause of the
consideration of the active disk considered as gileys. The flow is accelerated behind the
body by the actuator disk limiting the developmehthe vortices. The vortices region behind
the ROV is known as separated region due to thve $kparation.
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Figure 5.9: Comparison of the axial velocity fosm speed, all cases

5.2. Propeller effect

After computing the resistance of the ROV withordpeller insection 5.1. lattention will be
put on the effect of the propellers by simulatiagptlent flow around the “ROV body” which

is the ROV with propeller. For that, propellers @deen reduced to actuator disc in order to
generate thrust in the flow. Knowing the total sémnce required to tow the ROV, the
computation of the pressure jump necessary tosehieach horizontal actuator disc cause of
the main working regime of the ROV which is thedaundinal displacement (along x-axis).
Propellers are working in pair on each directionsidered.

Numerical computations are also performed for #raes speeds of interest in order to obtain
the total drag forces (representing the thrust)civhare the main variables of these
simulations.

The angle of attack is equal to zero; the mearatifi moment coefficient are should be zero

because the flow is symmetrical in both XY-pland XiZ-plane.
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The result of the simulation around the “ROV body'given by the table 5.3 in the yellow

column. The difference of drag forces between “ROMIII" case and “ROV body” yields the

Turbulent flow separation around a ROV body

influence of propellers or the propellers effecttb@ ROV resistance.

The resistanc®; from the “ROV’s hull” case is total resistancetbé ROV body and the

resistancd from the “ROV body” is the thrust.
Table 5.3: Drag forces computed from ROV with Piape

Velocity “%?;/ésfggg Ari;(:g: t?le P;Ostsalljre jz:ﬁ ;Spuer;e “RD?;/gt;g?g;
disk jump Propeller
[m/s] [N] [m2] [Pa] [Pa] [N]
1 5.77 0.001963 3629.01 1815 7.26
1.25 8.94 0.001963 5623.582 2812 11.22
1.5432 13.53 0.001963 8508.915 4254 16.93
1.75 17.33 0.001963 10894.57 5447 21.65
2 22.53 0.001963 14171.68 7086 28.11

The figure below presents the influence of thezwnrtal propellers on resistance

Difference of dra g forces [%

26

— 25.75

25.5

25.25

25

24.75

24.5

Propeller influence on ROV's resistance

1 1.25

1.5
Speed [m/s]

1.75

—— Propeller
influence on
ROV's
resistance
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Quite smaller, the difference of drag forces petaga decreases when the speed is increased.
At high velocity, the ROV produces less resistantksen less energy consumption if the
concerning velocity doesn’t generate vibration.

The values of the thrust and the thrust deductiactibn are given in table 5.4.

Table 5.4: Thrust and thrust deduction fraction patation.

Thrust per Thrust

Velocity [m/s] 0 eIIerP[N] deduction

prop fraction, t
1 3.62850495 0.20467359
1.25 5.610372 0.20291204
1.5432 8.4667535 0.20082444
1.75 10.825771 0.19973099
2 14.0549425 0.19817943

The table above shows that for increasing the wugldbe force developed by the ROV

propellers increases and the thrust deductioniéractecreases.
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5.2.1.Axial velocity distribution
The distribution of the velocity around the ROV aaddo inside the cylindrical channels can

be observed in figure 5.11. Also the turbulent s&f@n point can be identified in Figure
5.12.

Turbulent flow
separation

Figure 5.12: Turbulent flow separation at V= 1.543/8, ROV body case
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The following figures below depict the distributiohthe axial velocity around the ROV body

for different speeds ranging from 1 m/s to 2 m/s.

o
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e e e ——
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S~ L V= 1.5432ms5

Figure 5.13: Comparison of the velocity distribati®ROV body case

The velocity is greater in the channels; this i do the action of the actuator disc
representing propellers. From 1 m/s to 2 m/s theioity is reduced by the action of the
propellers which accelerate the flow behind the ReD\d also the separation point is affected.

5.3. Flow separation comparison between ROV’s hull” andthe “ROV body”
cases

After simulating turbulent flow around the “ROV’'silli and also around the “ROV body”, it

was identified on Figure 5.14 and Figure 5.15, whbe fluid particle was detached from the

ellipsoid surface.

These figures show the location of the turbulemivfseparation point at nominal velocity.

It is known that the location of the separationnpalepends on the surface roughness, the

Reynolds number like the case above. But, the ptedecases tend to focus on the presence

or not of propellers as variant.

In order to reduce the energy consumption, it itsebéo keep the local flow attached for as

long as possible.
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Figure 5.15: Turbulent flow separation at V= 1.543/2, ROV body case

It can be noticed that the ROV body case keepdbal flow attached more than the ROV’s
hull case. The effect of the flow separation isestsed by means of decreasing velocity far

downstream. The separated region behind the ROMigssthe reattachment of two flow

streams.
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5.4. Angle of attack

The angle of attack is the angle between the neferdine on the ROV and the vector
representing the relative motion between the ROW #Hre oncoming flow. In order to
investigate on its effect on the ROV body, simalas were performed at various angles of
attack ranging from 0° to 30° for the service spéHte solver setup was kept the same as
ROV body case in chapter four. The ROV body wasntep to a Cartesian system of
coordinates having the x-axis horizontal accordmghe center line of the ROV, the y-axis
oriented laterally and the z-axis is vertical. Tfect of the angle of attack will be study in

both XY-plane and XZ-plane.

Figure 5.16: ROV reported to a Cartesian systenoofdinates

5.4.1.Force coefficients

5.4.1.1. Force coefficients in xy-plane

The main parameter which depends of the angletathats the force coefficients.

In figure 5.17 are plotted the total drag forceftioent, the lateral force coefficient and the
lift force coefficient as a function of angle ofatk ranging from 0° to 30° in xy-plane.

The lift coefficient has negative value near toozérhis coefficient can be neglected in xy-

plane.
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Figure 5.17: Force coefficients acting on the R@dyin XY-plane
The total drag coefficient is maximal at= 5° and starts to decrease from this angle. This
decrease is linear from= 10°.
It can be noticed that the lateral force coeffitisnsmaller than the drag coefficient at each
angle.

Figure 5.18 shows the evolution of moment coeffiti different angles of attack.

xy-plane
0.001 -

0.0005 -

-0.0005 -
Around Z

-0.001 -

Moment coefficient

-0.0015 -~

-0.002 -
Angle of attack a [°]

Figure 5.18: Moment coefficient acting on the RGddp in XY-plane

In xy-plane, the maximum moment is reached arouasiz ata = 15° and the drag force is

more significant than others forces.
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5.4.1.2. Force coefficients in xz-plane
Figure 5.19 shows the drag coefficient, the lifeifiwient and the lateral force coefficients as

a function of angle of attack in xz-plan. Also ttn@ment coefficients are plotted in figure
5.20.
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Figure 5.19: Force coefficients acting on the R@dyin XZ-plane

0.004 - xz-plane

0.0035 -
0.003 -
0.0025 -
0.002 -
=l=around Y
0.0015 -

0.001 -

Moment coefficient

0.0005 -

0 ; ! '
-0.0005 10 s >
Angle of attack a [°]

Figure 5.20: Moment coefficient acting on the RQddp in XZ-plane
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In xz-plane, the moment coefficient around y-axid #he lift force are more important when

increasing the angle of attack.

5.4.2.Streamlines

In figure 5.6, it was shown that the separatedoregta = 0 was symmetric behind the ROV
body.

Figure 5.19 depicts the streamline patterns alR@& section for different angles of attack
ranging from 5° to 30° in xy-plane. It is obsenhatt the separation region or the vortices
behind the ROV body is reduced fram= 5° to a« = 30°. In the same xy-plane, it has been
mentioned fijgure 5.17 that the drag coefficient decreases in the saraener. Therefore,
there is a linear dependence between the sepasgexh and the drag pressure which is the
main force acting on the ROV body in xy-plane. Térger separated region is, the larger the

pressure drag is obtained.
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Figure 5.21: Streamline patterns at the ROV sedtoulifferent angles of attack
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CONCLUSION

The goal of the present work was to simulate twebiuflow around an ellipsoidal ROV body
in order to investigate its propulsive performaniceorder to do this, one investigation was
done about existing ROV for modeling purpose arsb a&fomputational Fluid Dynamics
simulation was performed at various velocities.

Turbulent flow around three fully submerged ellijplsohave been studied numerically using
the commercial CFD code FLUENT. These three ellgsaepresent three configurations
made in order to obtain more information about ¢lgtical ROV chosen according to the
scope of the work and the existing ROV. These tloeefigurations were “bare hull”,
“ROV’s hull” and “ROV body".

“Bare hull” was the elliptical ROV without cylindral channels and propeller;

“ROV’s hull” was the elliptical ROV with cylindridachannels without propellers;

“ROV body” was the elliptical ROV with cylindricadhannels and propellers.

These geometries have been designed with the CAtwae Rhinoceros and the mesh
generation was performed with the software GAMBIT.

Verification and Validation method froldASME V&V 20 [17] has been applied in order to
determine the suitable turbulence model by calmdahe discretization error.
Spalart-Allmaras turbulence model was finding as llest one to simulate turbulent flow
around the ROV body with 0.14% of discretizatioroerAt the same time was computing the
validation uncertainty which was equal to 2%.

The numerical simulations have been performed atdba ROV at five speeds of interest
ranging from 1 m/s to 2 m/s. The resistance ofR®/ based on the numerical was 13.53 N
for the service speed of 3 knots. The correspondifegtive power was 21 W. The numerical
results show well agreement with experimental tesul

Propellers were substituted by an active disk fdrictv the pressure jump is defined as
boundary conditions. The turbulent flow around B@®V body was characterized by flow
separation inducing the creation of separated rebehind the ROV. The effects of flow
separation around the ROV body are felt in formreduced velocity. The action of the
propellers reduces the separation and the presgadient. Also, the separated region
decreases in volume at high angle of attack.

The smaller separated region is, the smaller th¥ R€istance is obtained leading to energy
savings.
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RECOMMENDATIONS FOR FURTHER WORK

When the propellers are considered during the sitiou, the flow is already accelerated at
the entrance of the channels. The entrance of lla@nels has been identified to be an
accelerator of flow. For this reason, it would Iéeresting to redesign the entrance of the

cylindrical channels and to perform unsteady comfpons.
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APPENDIX A
A.1l. Geometry

Table Al: ROV’s nomenclature

Characteristics| Symbal Value
Length L 500 [mm]
Width B 350 [mm]
Height H 250 [mm]

Horizontal
spacing A 215 [mm]
Vertical spacing C 140 [mm]

Propellers
diameter d 50 [mm]

Figure Al: ROV’s dimensions
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Figure A2: Dimensions of the computational dom&®0)V body case
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A.2: Meshes
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Figure A3: Grid on the entire computational domain
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Figure A 4: Grid on horizontal channels
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Figure A5: Grid on propeller plane

APPENDIX B
B.1: Reference values for service speed (All contications)
"Bl Reference Values =

Compute From

A -

Reference Values
Area (m2) [1

Density [kg/m3) |99=s-2

Enthalpy [j/kg) [ﬂ
Length [m] |4

Pressure [pascal] | 0

Temperature (K] [289 .16

Velocity [m/s) |1 5432

Viscosity [kg/m-s) [n. 881003

Ratio of Specific Heats |1 i

Reference Zone

water j

OK | cCancel| Help |

Figure B1: Reference values

B2: Residuals convergence
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B3: Streamlines

Figure B2: Residuals convergence, bare hull case
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Figure B3: Streamline patterns at the ROV sectiwmf= 0°
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