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allowed to evaluate several operating scenarios of theclehi

This article presents theoretical and computational stud- that are used for feedback purposes in the design proceks of t
ies with Computational Fluids Dynamics (CFD) tools of an

Underwater Remotely Operated Vehicle (ROV),

required

to obtain reliable visual information, used for surveilian
and maintenance of ship shells and underwater structures of Navier Stokes solver, CFX.
Colombian port facilities. The thrust force is analyzedhat op-
erational conditions by using CFD tools (FLUENT, CFX™,
COSMOSFLOWM) and the information about forces, torques
and power of the vehicle’s thrusters is obtained. The corialer
propellers were modeled by using a reverse engineeringepsoc . -4 v :
with a 3D scanner and Computer Aided Design (CAD) software had a wide devel_opment in md_ustrlall_zed countnes_ and atgre
(RAPIDFORM™). The results obtained with the CFD package amount of experiences at the industrial, commercial, ared ac

*Address all correspondence to this author.

ROV before it be manufactured.
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INTRODUCTION
The remotely operated underwater vehicles (ROVs) have

demic levels. It's possible to find applications such as meain
nance and sea operations in the oil industry, military aapli
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tions (monitoring, recognition), inspection and maintecefor

the port industry and underwater research. Three categfunie
this kind of vehicles can be defined: heavy work, observatiah
mini/micro ROV [1].

under which it will be operating in the designated locations
(ports), with the purpose of guaranteeing that the subilersi
has the capacity to stay static despite their direct inaidem it.
Due to the current conditions in the ports, a terminal maximu

The operation sites of the vehicle are the most important operational speed of 1.5 m/s is defined.

commercial interchange seaports of Colombia: Cartageag, B
ranquilla, Santa Marta and Buenaventura. These locatiefirsed

the operational conditions: depth, density, salinity, penature

and stream parameters. Among the water characteristatedel

to the problem to be solved, we find: low compressibility,threp
capacity and thermal conductivity, sea water density gadlie-
pending on the depth, the temperature and the salinity.ringe

of the temperature, the water takes a maximum density oftabou
4°C. In terms of salinity, it produces an increase in the dgnkit
terms of depth, the density of sea water varies from 1012 kg/m
in the surface to 1070 kgffrat 1000 m deep. The temperature
varies depending on the depth of the zone; between 0 and 200
m deep, the temperature is very similar to the surface one and
it approaches @ when the depth increases to more than 4000
m [2].

In the design process of an ROV it's necessary to know all
the possible disturbances that affect its movement ané #irém
in terms of relations that allow a better performance of thaiml
system. Therefore, an appropriate study of the propulsistem
helped to guarantee an accurate and stable positioning ekth
hicle. In order to accomplish this, it is important to knove x-
act relation between the engine’s power (or other varialsiesh
as the voltage or the motor’s torque) and the thrust thatas pr
vided by each propeller. Such expression is defined by theract
of the motors and the performance of propellers. The relatio
between the power and the thrust is useful for the hydrodymam
study of the propellers and other elements of the propulsjgn
tem that interact with the fluid.

The vehicle’s operation depth defined for 100 m, which cor-
responds to a hydrostatic pressure of 1.00 MPa (145.5 psi), a
though, one of the objectives of the vehicle is the inspadiio
Colombian ports, where the following depths appear acogrdi
to reports of the Regional Port Societies of Colombia.

Port Maximum depth (m)
Barranquilla 12.0
Buenaventura 13.7
Cartagena 13.7
Santa Marta 18.3

Table 1. Colombian ports depth

PHYSICAL MODEL
Loads of interest

The loads that influence the behavior of the vehicle are [3]:

e Weight: gravitational force
e Displacement: force due to the vertical pressure gradient

(weight of the displaced volume)

Drag and lift: loads due to the relative motion between the
vehicle and the water.

Thrust: forces generated as a reaction to the rate of change
of the angular and linear momentum of fluid particles.

e Contact forces: contacts with objects, waves, and wind.
¢ Inertial loads: due to vehicle changes in linear and angular

momentum.

The propeller

The propeller transforms most part of the input power into

thrust force [3, 4]. They're usually moved by electrical st
The parts of a propeller are shown in figure 1.
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Figure 1. Parts of a propeller
Where:

e D: diameter of the propeller
e Hub: central part of the propeller which supports the blades
e Blade tip point: the farthest point of the blade measured

from the hub axis.

e Blade root: place in wich the blades are attached to the hub.
e Tip circle: circle described by the tips when the propeller

The vehicle’s operation speed depends on the stream speed

2

rotates.
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e Propeller disc area: area of the circle framed by the tigeirc  transfered to the water, varies due to inefficiencies of ttee p

trajectory. peller, the motor-reductor set, the drive shaft assembdytha

e Leading edge sealing systems. In spite of the thrust variations, theclemust

e Training edge reach enough speed to overcome drag and sea streams.

e Pressure face: side of the propeller blade that has thesgteat There are two kinds of thrust forces: static and dynamic [5].
pressure in an advancement movement The first one is refered to the power applied to the propelramnw

e Suction back: low pressure side of the blade. the vehicle doesn’t move, this happens in tests made in t@nks

e P: Pitch pools. The second applies when the vehicle moves and inertia

. L ) and momentum must be considered.
The first objective is to evaluate, by using CFD tools, thdqyer

mance of a commercial propeller with the following speciica

tions: MATHEMATICAL MODEL
e Brand: Harbor Models The calculatiqns were made using the Ansys-CFX program.
ol The model equations are the Reynolds-averaged NavieeStok
e Material: Bronze RANS ' 6
e Diameter: 0.0889 m ( ) equations [6].
e Pitch: 0.1016 m
¢ Rotation: right 3 3
e Number of blades: 4 9% 9
Figure 2 shows a picture of one of these propellers. Figure 3 g(pu) a(puiu;) ap
at axj o
0 oy 0 2 5 ou;
“a 1 (3% o 30 )| @
0 7
+ 6_)(J (—puiuj>

whered;j is Kronecker’s delta an —pu{u/j are Reynolds’

stresses. Two turbulence models used in hydrodynamics@and a
plications of engineering to predict the characteristio®tating
flows arek— wand Reynolds’ transport stresses (RTSM), the sec-
Figure 2. Propeller Harbor Models(S blades) ond one is the most commonly used. In this particular case the
turbulence is considered because the inertial forces ofluice
are significant compared to the viscous forces. The RTSM is
shows a simplified CAD model of the propeller and the kort noz- used because of its good predictions in this kind of probldms
zle assembly. The thrust force produced by the propeller and general, the turbulence model modifies Navier-Stokes @mnsat
for the introduction of the average and the fluctuating ant®un
that produce the average equations of Reynolds NaviereStok
(RANS). The model of turbulence used was the Shear Stress
Transport Model (SST) based on tke- w model. It considers
the transport of the sharp turbulence stresses and givesd go
prediction of the flow separation under pressure gradiéijts [
With respect to the action of the propeller, when a propeller
rotates it creates a high pressure zone in the front area lawd a
pressure zone in the back part [4]. The water goes from thHe hig
to the low pressure zone creating a differential of presane
force to the vehicle. Basically, there are three theorias dieal
with the action of the propeller: the momentum theory, the pr
peller blade section theory, and the circulation theory.
Experimental information on different propeller familiess
Figure 3. Simplified CAD model available in curves resulting from open flow tests. The param
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ters of these curves are [4]:

J_ 2TVA

) 3)
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41°Q
Q= [2DS 2
J Kr
=—— 6
No= > Ko (6)
Where:
e J: advance ratio
o Kr: thrust coefficient
o Kq: torque coefficient
e no: propeller efficiency
Other important expressions are:
—na/PTE
Nt ="Ndy/ NG (1)
Kyl
Nt = Ko wD (8)
2
()3
= 9
Nd Ko 9)

The torque, speed and required power to move the prope#ler ar
given by:

2 S1
©T Bk o 4o
P Ko
Q=g =g (12)
1 4S§ 2n K S§
2 2
_ cMRg 52 (12)

“he\EnD B30

The effect of the parameters given by (3) to (12) have beeerexp
imentally analyzed for a wide family of propellers. This flyn
of propellers is the Wageningen B-series [8], the notattsadlis
B.5.60 where the number 5 indicates the number of blagies ¢l
the 0.60 indicates the area of action of the propeldt (A0). A
typical curve of this family of propellers is shown in figure 4

In the propeller selection problem there are six unknown
variables: thrust®) or drag R), the speed of advancemeWfh],
pitch (P), diameter D), rpm (n), torque Q). Four of these un-
known variables must be known in order to apply (3) to (12)
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Figure 4. Typical curve of the family of Wageningen propellers. Source:
BERNITSAS, M.; RAY, D. y KINLEY, P. KT, KQ and efficiency curves for
the Wageningen B-series propellers. Department of Naval Architecture
and Marine Engineering. University of Michigan.

and solve the selection problem. For example, if the dRdY
known, the revolutionsn) based on the selection of the motor,
the diameter of the propeller and the velocky, andJ can be
calculated from (3) to (12), defining a point in tkg-J curve.
TheP/D curve that goes through the point, determines the pitch
(P) and the corresponding value fig, from which the torque

(Q) can be calculated. Once these parameters are found, the de-
livered power can be calculated though the following eaqumati

_ 2o

o nr

(13)

For the analysis of transitory flow and in the calculation of
the time increase, the Courant Number was taken into conside
ation and it was defined for one dimension:

UAt
C=— 14

A (14)
where the velocity of the flow is, the time increase iAt and
the size of the mesh Bx.

Some of the simplifications that were taken into considera-
tion were:

e The flow is considered incompressible.

e The flow is turbulent modeled by RANS mimicing the ef-
fects of turbulence in a Newtonian fluid to determine the
time-averaged or slowly varying flow around a propeller.

e The axis of the propeller rotates at constant angular vigloci
and the velocity of advancement is constant.
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e The blade surface with a relative roughness of zero (ideally
smooth).

SOLUTION STRATEGY

To solve the problem two domains were defined: a station-
ary domain that covers the open flow and propeller’s knorzteoz
and motor zone; and a domain that covers the zone were the pro-
peller rotates [7] (figures 5 and 6).

Figure 7. Inverse engineering of the propeller

Figure 5. Stationary domain . . , o
observe in detail flow’s behavior in the root, surface anc:ithge

of the blade. The mesh of the stationary domain was defindd wit
bigger elements in the open fluid zone. The motor and pratecto
zone was refined with smaller elements (figure 8 ).

Figure 6. Rotating domain

0,100 (m)
Through CAD boolean operations (using Solid Etifjg the | ARTONAYALE Ve e
motor, protector and propeller’'s geometries were sulachitom i
the domains such that only the zone of the fluid remain in the Figure 8. Mesh of the domains in ANSYS ICEM
model. The propeller's CAD model was generated through an
inverse engineering process, where a series of refinememés w

made from the cloud point to the generation of the surfaceds an Some simplifications were made in the geometry of the
the later construction of the virtual model. The programsdus  model (Figure 3), before the mesh was created: eliminatfon o
were: RapidformM, RhinoceroS™ and Solid Edg&V. Figure 7 holes, rounds and fillets, also an average blade thickness wa
illustrates the process. used. The number of nodes and elements of the domain are pre-

The mesh was generated through ANSYSICEM, in sented in table 2.
which the domains were meshed with unstructured mesheg usin The size of the open flow domain was defined based on the
tetrahederal elements. The propeller's mesh was more define  diameter of the propeller according to the guidelines oftf@it
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Domain Nodes Elements The first analysis was made in steady state and these results
were used in the transitory state as initial conditions. Sdteeme

Openwater (estacionary) 18131 94113 of solution employed with ANSYS-CFX waldigh Resolution

Propeller (rotating) 14309 73225 with a number of initial iterations of 100. But after obsenyithe
convergence curves at 50 iterations, it was possible to tewd

Total 32440 167338 stability in the solution. After the post-processing wasdema

it was possible to obtain graphs showing the behavior of-pres
sures, pathlines, speed vectors, among others. The CPU time
was 31.35547 minutes with a computer of 3.00GHz and 1.00GB
not affect the boundary conditions: five times the diameper u  de RAM.

stream and ten times the diameter downstream for obsefving t
development of the wake generated by the propeller. The thoma
was radially increased four times in order to observe the'slow
behavior through the external side of the protector. It wiés o
ented so that the axis coincides with the propeller axis (figure
9).

Table 2. Mesh information

Momentum and Mass

5D ‘ 00 - T

| £

1 Bk p

Figure 10. Momentum and mass

Figure 9. Size of the open flow domain

The specifications applied in the pre-processing stage are
shown on table 3).
Velocity w

(Plane 1)
3.224¢-001

Domain Specifications
Stationary Name: openwater “4.0512-001
Rotating Name: propeller s

Turbulent Model SST (shear stress transport)
Fluid Water

-1.863e+000

Table 3. Boundary conditions defined in ANSYS -2.5926+000
n sh-1]

In the post-processing stage, new variables based on the
propeller's mathematical model were created in order toimon
tor convergence and to analyze propeller's performanceneSo
of the variables were: advance ratif),(thrust coefficientit),
torque coefficient{g), power, thrust and torque.

Figure 11. Velocity W profile
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Figure 15. Frontal plane pressure distribution in the place of action of

Figure 12. Velocity vectors the propeller

Variable Value

n Thrust 10.5813 N
Torque 0.162974 Nm
Power 27.3796 W
J 0.420696

i Z Ko (Torque) 0.0400913

< Kr (Thrust) 0.231406

Efficiency 0.386468

Figure 13. Pressure distribution

Table 4. Results of the monitored variables - steady state

were used as initial values. The timesteps calculation waem
as next:

6.01921000

1 [rad 1
168 [rad s'1] 57.2%

timesteps= ~ 0.0001[g]

per degree.
Then, to make a complete (39Qurn, the total time would be:

total time= 0.0001- 360° ~2 0.04 ||

Figure 14. Pathlines

Figure 16 is one of the convergence curves generated by the
RESULTS SOLVER.

The first scenario considered steady state conditions and The graphs generated in the post processing stage werarsimil
an angular velocity of 168 rad/s (which correspond to the mo- to the steady state ones (figures 17 and 18). Table 5 shows the
tor's maximum speed). Figure 10 shows one of the convergencevalues of the monitored variables.
curves generated by the SOLVER. Figures 11, 12, 13, and 14 are
some of the graphs generated in the post-processing stagle. T
4 shows values of the monitored variables. RESULTS ANALYSIS

The second scenario was made in transitory state, with the Thew velocity profile graph (figure 11) shows how the up-
same velocity as the last case. The results of the steady stat stream flow of the propeller, that has an approximate vslocit
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Momentum and Mass

Ve o

Figure 18. Pressure distribution (transitory)

Figure 16. Momentum and mass (transitory)

Variable Value
Thrust 10.3061 N
(\gg%ci?:lwum Torque 0.159568 Nm
o Power 26.8074 W
l‘=] J 0.420696
; ¥ Ko (Torque) 0.0392534

-1.085e+000

Kt (Thrust) 0.225387
Efficiency 0.384451

-1.847e+000

Table 5. Results of the monitored variables (transitory)

-2.608e+000

[m s~-1]

Figure 17. Velocity W profile (transitory)

of -1 m/s, accelerates the downstream flow and leaves it with a
velocity of -2,592 m/s. The angle of inclination of the motor
pointed to the zone of transition of the figure 19, it helpshie t
separation of the boundary layer, so the flow enters unifearm t
the zone of action of the propeller, avoiding that it is geted
vortexes, upstream. It should also be avoided to have agstian Figure 19. Narrowing zone (Venturi effect)
tion of the flow in this zone, because due to the suction action
the propeller and effects of the friction, it could be madeaddi- )
tional forces, taking to the formation of vortexes in thisrio propeller would reduce this effect.

Figure 15 shows a frontal view of the pressure distribution After running the simulation, the following values of torgu
and the action zone of the propeller, were it can be obseheed t a@nd power were obtained:
pressure gradient_ of the Iefa_ding edge, that has a high peessu | Torque: 0.162974 Nm
zone compared with the trailing edge. This zone of the plepel e Power: 27.3796 W
must have a bigger mechanical resistance, due to the stresse
generated. Also, in the tip of the propeller, due to this pres The results obtained with the CFX tool serve like base to
sure gradients, vortices that affect propeller’s efficienould predict the power to move the ROV and to generate the negessar
be formed. The proximity of the knort nozzle to the tip of the thrust to ovecome the drag forces that it will be subjecteuis T
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information serves like reference to determine the motarse

It is also necessary to make experimental tests to validege t
results obtained with the computational tools. Althougbsth
tests are outside of the reach of this study, it propose amady
for the test to determine the thrust and the necessary poitler w
the selected propeller.See figures 20 and 21.

dvnamometer

,\ 2

.' x _
| T

Figure 20. Proposed assembly for the test to determine the thrust and

power

Thruster

Figure 21. Photos of the assembly

It is important to remember that there is a power loss in the
system; therefore, the power given by the electrical motthbe

bigger than the power transmitted to the propeller, due $eds

in the reducer, the bearings, and even in the fluid enterieg th
propeller.

The propeller converts, as efficiently as possible, the pgee-
erated by the motor, but as it was mentioned earlier, powestr
mission involves different steps in which power loss is prost
(Figure 22).

The effective power (EHP) is the product between drag and ve-

Figure 22. Propulsion System Efficiency. :x Source: ANDERSON, E.
Submersible Vehicle Systems Design. Jersey city: The society of naval
architects and marine engineer, 1990. 254 p.

locity of the submersible expressed in terms of horse power.

RrV
EHP=—"__
550

(15)

The thrust power (THP) is the product between the power that
comes from the propeller and the velocity of the submerskie
pressed in horse power. The difference between THP and EHP
is due to two factors: the first one is the drag factor gendrate
by the propeller. The second factor is energy loss becaube of
flow, which happens in the rear part of the vehicle beforetien
into the propeller.

The propulsion power (PHP) is the power delivered to the pro-
peller (the power in the propeller shaft). The differencenaen
PHP and THP is due to the loss in the propellers.

The power delivered by the propeller can be determined as fol
lows:

prp— 2T

550 (16)

Wheren is the rotation of the motor in rev/s a@lis the torque
in Ib-ft. The efficiency of the propeller, is defined as:

v THP _ TV
P PHP  2mQ

17)
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The axis power (SHP) is given by the propulsion device (elec- REFERENCES

trical or hydraulic motor) towards the axis of the propell€he
difference between SHP and PHP is due to the loss of friction
in bearings and gears. Usually in submarines, gears aresedt u
since they increase vehicle’'s weight and generate lossweépo
The efficiency of the machinenyy is defined as:

[1]
(2]

_PHP Q

= SHP” Qs (18)

Nm
(4]
(5]

WhereQs s the torque in the propulsion device in Ib-ft. Depend-
ing on the length of the axis and on the number of bearings,
varies between 0.95 up to 0.99.

All the previously defined losses can be combined in a term
known as the propulsive coefficierRy)

[6]

EHP

P:—
€~ SHP

(19)
[7]

If this coefficient is big, the efficiency of the propulsionssy
tem is bigger and the size of the required power supply islemal

All the factors given previously must be considered in the [8]
selection process of the propulsion system, this guarargee
appropriate motion of the ROV. The power loss calculations
were not performed in this work since many drag values are not
known.

CONCLUSIONS

When the mesh is being generated it has to be considered
that making a better refinement in the surface of the propelle
blade and the rotating zone around it, makes possible tabse
with more detail, the distribution of pressures and speeds
generated in the tip of the propeller and to see if the foromati
of vortices occurs.
For the validation of the computational results, it is neagg
to apply experimental tests where the experimental threst g
erated by the propeller can be measured and, also, to compare
it with the results from ANSYS CFX. Likewise, it is necessary
to validate computational results, and search into the lfami
of Wageningen B-series propellers, based in the pitch ratio
and diameterR/D), the number of blades and the relation of
advance J), a propeller whose experiment& andKq can be
compared with the values calculated with the program. This
validation would apply the momentum and blade element theor
for evaluate the propeller selected.

It is appropriate, before selecting the motors, to caleulat
friction losses that occur throughout the transmissiontesysto
guarantee the necessary operational torque.
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