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A NEW STRATEGY OF TOOL PATH PLANNING
BASED ON HYDRODYNAMIC DATA TO MACHINE MARINE PROPELLER.

Marine propellers are complex surfaces that arallysmachined with a perfect roughness in ordertaatisturb
the theoretical flow. Because this requirement esgbizing from a manufacturing point of view, thilgsl
objective of the study is to propose an approachwhich the machining parameters are linked to fiomet
properties of the blade in order to remove theshatig phase.

To reach this objective, hydrodynamic data are ustdak lines, that are computed during the ptepédesign
phase, characterize the fluid behavior at the closmity of the blade. Those lines, which are tlegiwally
continuous at the leading edge, turn out to beodiicuous, due to the computing method.

To be consistent with the fluid behavior as muchpassible, the idea presented in the paper is topose
a continuous trajectory, especially at the leadidge, to mill the surface. Thus, an algorithm igeligped to
plan tool paths which are smoothed at leading adijleg Bezier curves. Moreover, this algorithm akote
guantify the cusp height at the leading edge tadaaalrop in performance using criteria linkedhe tlynamical
behavior of a five axis machine tool. In this woekstrategy is developed and enables multiaxidingilof a
blade surface by using geometric and hydrodynaiia dnd by respecting the associated constraints.

1. INTRODUCTION

Nowadays, marine propellers make up the most commeans of ship propulsion.
Their sizes, shapes and numbers of blades varyuak as the boat types. But, propellers
have one common characteristic: their surface meg#, which is usually mirror polished.
This requirement, which is specified to minimize fower loss due to friction between the
fluid and the propeller, is of primary importance fact, the mirror polishing step
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corresponds to fifteen percent of the time and obgabrication [2]. The following work
aims at reducing those time and cost rates wittleateasing the propeller performances.

During propeller production, the surface roughnessaken into account into the
machining phase, before the polishing phase. Sules¢do the sand cast that leads to the
first form, the machining enables the approachhaf hominal surface. By introducing
hydrodynamic considerations in connection withghepeller geometry, the presented work
allows an orientation of this roughness defaultoligh this organisation, although it is not
equal to zero, the residual roughness should nualze the hydrodynamic performances.
Consequently, the step of mirror polishing showdddme unnecessary.

In a first part the interactions between the prigpebughness and the fluid behavior at
the close vicinity of the blades are studied. Samteria are established, that must be
respected to have a non-zero rugosity that doegp@adlize the propeller performances.
Then, a machining strategy based on those critertieveloped in a second part. Finally,
a third part highlights the specificities of theopeller machining with the developed
strategy and outlines the perspectives offeredhbyhydrodynamic tests.

2. SET UP OF THE PROBLEM

2.1. PROPELLER PRODUCTION.

The first step of the propeller production is thefimition of the propeller
specifications. Then comes the design of the plapelvhich is based on a model
simulation with an associated flow. At last, thi®del is successively sand cast to obtain
a first form that approximates the final propeli@lume and milled with a numerical
command (N.C.) machine. This machining step isqueréd to control the final propeller
form and to limit the cusp height [8]. Finally, teach the required roughness specification,
the propeller is hand polished.

In this study, to present the propeller productithre different steps of the propeller
life cycle are stored in three domains (see BigThe first domain is the functional domain
constraining with the propeller specifications. Téecond one is the virtual domain, in
which the propeller is virtually designed with aAM. software. Computational Fluid
Dynamics (C.F.D.) software are also used at therfite of this domain with the first one
to validate the designed propeller. The third demgaithe real one in which the propeller is
machined and polished. The N.C. machine allowdrdresfer from the second to the third
domain.

As shown on Fig. 1., in the third domain, it is fh@ishing phase that impacts on the
final roughness and therefore one the fluid belralRoughness specification is specified by
the propeller class and the manufacturing stantt&@l 484. To have an easiest polishing
phase, the same class is specified on the whaolacgbut researches [7] highlight that the
propeller areas have different impacts on the glepperformances and can be polished
with different roughness classes. Taking into aotahis information, it seems possible to
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machine the propeller with different methods acouydo the required precision of the local
zone.

Functional domain
Specifications :

Propeller performances

Model /.

Trajectory geomeftrically
admissible :

rajectory mechanically admissible

; polishing
C.A.M. Model

Virtual domain Real domain

Fig. 1. Classical approach of propeller production.

2.2. PROPELLER LIFE CYCLE

During the propeller life cycle in the marine emviment, the surface roughness is
damaged and leads to an increase of fuel consumgtie to the loss of propulsive power
[7]. Those roughness damages are not homogeneoukeowhole surface [3] due to
different phenomena like cavitation and fouling édegrowth and barnacle deposit, Fig. 2).

Slight orange peel
lapprox. 10-20 mm wide)

Suction side Pressure side

—
Area of weed growth

T~ Area of weed growth
and barnacle deposit

Fig. 2. Zones of roughness damages due to cavitatid fouling. [3]
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Fig. 3. Roughness oriented according to the fleldawvior Fig. 4. Fluid behavior at the close vicinity of thiade
on a 2D Foail [2]

Considering this information and the time and cagts taken by the polishing phase
in the propeller fabrication [2], the methodologegented in this article aims at studying
the influence of the propeller polishing on thefpenances. Is it possible to produce a
propeller that does not require any polishing, amdse finition is acceptable with respect
to hydrodynamic criteria?

2.3. LINKS BETWEEN HYDRODYNAMIC PHENOMENA AND PROPH.ER MANUFACTURING

Researches lead on two-dimensional foils [2] hgftked that a roughness (the
machined scallop) which is parallel to the flow l®0st no impact on the hydrodynamic
performances (Fig. 3). It is therefore decided tachine the blade of the propeller
according to the fluid behavior at the close viginof the blade, in the boundary layer
(Fig. 4). Outside the boundary layer the flow isEcterized by stream lines that support
the fluids speed vector. Those lines, extrapolatethe surface, are named streak lines and
characterize the direction and the intensity ofrihwgghness (see Fig. 4). They will be used
to orientate the final roughness and so, to supfitet machining trajectories during
fabrication.

Machining a roughness according to the fluid betxavis not the only criterion to
ensure the smooth running of the propeller. Inresearches [3], J. Carlton analysed the
propeller roughness after running (Fig. 2) and olesk that the cavitation did not have an
homogeneous effect on the whole surface. The dasndige to cavitation are particularly
important on the leading edge. Other researche2rfoils [2] demonstrated that an
increase of rugosity increased cavitation, thagrotippears near the leading edge. For those
reasons, the roughness of this area must be regnthimust not present grooves due to
machining discontinuities. As the leading edget thi#l be as regular as possible, the area
of the suction side is as important as the lea@didge one. In fact, this zone ensures the
most important part of the thrust during running, ®e rugosity lines must be as consistent
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as possible with the streak lines on this blade faat to disturb the fluid and not to decrease
the performances.

2.4. MULATION

From the above observations about the fluid bematithe close vicinity of the blade,
the presented work aims at developing a new metbggloof tool path planning. Not to
disturb the hydrodynamic performances of the pilepethe generated tool paths must be
continuous at the leading edge and consistent thighfluid behavior. So, if the same
hydrodynamic performances are obtained while awgidihne mirror polishing of the
propeller, the objective of those researches shioelldchieved.

3. NEW APPROACH FOR PROPELLER PRODUCTION

In the industry, propellers are currently manufeetuon dedicated machine-tools.
They are mostly milled into two phases becausehefr tweights (several tons), which
prevent them from being positioned on a displacdénagrs. Hence there is a machining
recovery at the frontier between pressure and ®udsiides, whereas the leading edge is an
area where pressure strongly varies (see 81.3avifation appears there, it may propagate
along the surface.

Consequently, grooves may stay on propeller aftachmming, but it should be
reasonable to observe a continuous ridge on tliinigadge. That is the reason why, in this
approach, the blades are machined separately ore-@Xis-machine with a rollover axis
perpendicular to the spindle axis.

Thus, because this study aims at obtaining a plepéhat does not require any
polishing, the whole issue of the cycle of propefieoduction will have to be rethought. It
can no longer remain sequential but transverséklimust be created between the three
domains shown in 81.1.. As seen in the last papdgrthe choice of the machine tool
kinematics impacts on the propeller performances itws therefore necessary to link the
machine tool and the behavior of the fluid.

The machining phase consists in describing theasarivith a tool to remove material
on the blade. In his researches [1], Bernardos qzep a Fishbone diagram of the
parameters affecting surface roughness (Fig. 5)presented on the bone of machining
parameters, the tool orientation and the stepawgact the surface roughness. The tool
location on the surface is important for both pagters because they depend on the local
curvature (see Fig. 6). Generally, classical methofdtool path planning only take into
account geometric parameters to ensure that theifigge maximum cusp height is
respected. But, with such methods, the locatiothef maximum cusp height, the width
between two adjacent cusps and the cusp directonrgknown and can lead to a decrease
of the propeller performances. Thus, to have fasar roughness consistent with the fluid
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Fig. 5. Fishbone diagram with the parameters thiata Fig. 6. Influence of the width of cut on the cuspigint. [8]
surface roughness. [1]

behavior as much as possible, a method that usesnhothe geometric parameters of the
propeller but also hydrodynamic data is developed.

3.1. METHODOLOGY FOR A NEW CONCEPT OF PROPELLER HRACTION

On Fig.1., it can be seen that the classical approach afgtler production is quite
sequential and that links exist only between twocessive phases. It has no transversal
links.

Functional Domain

Specifications :

Propeller Pgrformances

Trajectory geometrically
admissible

C.AD.
Model

C.A.M. Model

Virtual Domain

Fig. 7. New approach to produce a propeller

In this study, the tool path planning methodologshich contributes to the final
geometry and to the surface roughness of the despa set at the center of the production
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cycle: see Fig. 7. Indeed, the tool path plannimghmdology orientates the final roughness
and the defined criteria (maximum cusp height,®tep,...) contributes to quantify the final
roughness. During the propeller design, the trarfséen the functional domain (propeller
specifications) to the virtual domain (propellerAM. model) is validated by a C.F.D.
simulation. This fluid simulation, that computesjéctories for the fluid at the close vicinity
of the propeller (the streak lines), allows to knihwe blade performances. As presented on
Fig. 7, the developed methodology manages to gleedool paths at the interface of the
functional, virtual and real domains and finallyoals the polishing phase. So, functional
information is added to the geometric data to caepiool paths. The main added
information is the orientation of the fluid at thiery surface of the blade. In fact the final
tool trajectories, and therefore the final rouglsnese consistent with the streak lines. With
this methodology, the roughness of the propelleukhnot disturb the fluid behavior and
the polishing phase should be avoided.

3.2. USE OF HYDRODYNAMIC DATA FOR TOOL PATH PLANNIS.

To have an oriented roughness after milling, theastlines are used as supports of the
tool trajectories (see Fig. 10.). Moreover, to avthe cavitation appearance, streak lines
have to be continuous and smooth on the leading.edg
Stemed from numerical simulations, streak linesasgnting the flow can not be used
directly for tool path planning. In fact, becaudetloe numerical approach that is used,
streak lines are all composed of different partsotders for both faces of the blade. This
drawback is overcome with a homogenization preseme step A2 of the algorithm
(Fig. 8). The second technical obstacle to use thsnsupport for the tool paths is the
discontinuity at the leading edge between pressarguction sides, which is also due to the
numerical simulation. Moreover, streak lines are thstant from eachother to obtain an
acceptable roughness after machining. For exammiea 246.93 mm diameter propeller,
the computed streak lines are 20 mm spaced. Tsiiargie is too high to obtain a 0.22 mm
(based on a previous similarity study on this bjadp maximum cusp height.

To overcome those obstacles, an algorithm thatexisrihe streak lines at the leading
edge and makes the number of streak lines dendew&oped, see Fig. 8, step A3.

/ C, contimuity on  Roughness \

Hydrodynarnical Diata leading edge  specification (Rt)
data (flow) converii?n Files ¢ ¢

homogenization Comnection at leading edge
AZ tof pressure side and suction
side streak lines)
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Machining
o

Geometrical | pcomputation
data
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Fig. 8. Used Algorithm to compute tool paths

trajectory
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3.3. CONNECTION AT LEADING EDGE

The original streak lines are discontinuous at l¢eing and trailing edges and to
respect their characteristics, they can not be etted on both edges (Fig. 9.1). Because the
leading edge has more impact on the cavitationajapee, it has been decided to make the
connection at this edge.

The solution consists in keeping the streak line®we side of the blade (namely the
suction side, because this side is more influemtahydrodynamic performances) and in
interpolating the complementary part on the othde.sMoreover, as streak lines are not
defined on the leading edge which is a zone oftgreevature, a basic interpolation should
not respect the geometry. So, data of the geomaksextions are added in such a way that
the interpolated streak lines are as close aslgedsithe blade surface. (see Fig. 9.2.).

First, the radius (defined from the propeller axa$)the first points from all suction
side streak lines are computed. Then, CAD sectaasinterpolated at those radius from
original CAD sections. Because CAD sections ar@ndyical, the first points of the pressure
and suction sides of a given section are locatethetsame radius. After this step, the
interpolated CAD sections are used to interpolate pressure side streak lines. Those new
streak lines have first points with radius simiiarthe interpolated CAD sections. The step
of CAD section interpolation is used to optimise fbcations of the pressure side streak
lines. Thus, pairs of original suction side stréiaks and interpolated pressure side streak
lines are obtained. Those pairs are still discomtrs at the leading edge but, they are
predisposed to the connection on the leading edgause their first points have a same
radius (Fig. 9.3).

Before connecting the streak lines, a step reladdtie final roughness is introduced.
This step consists in making the number of str@adsldenser to obtain a mesh that, after
machining, will generate a 0.22 mm final roughn§sg. 9.4).

After first machining tests, it has been observeat the roughness of the machined
leading edge was not smooth and showed unexpentedas. Those drawbacks are due to
the fact that the trajectories used for tool pd#inping are only &continuous and not’C
Thus, at the leading edge, the inclination anglelsienly vary and mark the piece.

To overcome this disadvantage, previous solution lieen optimised. To build the
final streak line, the original suction side strdale is used and the previous interpolated
pressure side streak line is conserved. Oppostigetprior solution, the continuity between
both parts of streak lines is obtained with a Beaigve. To build this Bezier curve, the two
extremity points at the leading edge of the sucsiole streak line are used as the first poles
and the two extremity points at leading edge of ghessure side streak lines as the last
poles. So, the continuity of tangency between titerpolated curve and the streak line is
ensured. The fifth point required to define the iBezurve is chosen on the leading edge to
be sure that the geometry is respected (Fig. dmreover, thanks to a geometrical
criterion, the point chosen on the leading edgeredd as well as possible the suction side
streak line.
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Fig. 9.1. Streak line discontinuities on blade edge Fig. 9.2. CAD section interpolation on leading edge
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Fig. 9.5. Re-interpolation of the pressure sideadtrlines. Fig. 9.6. Obtening of the continuous streak lines.
Fig. 9. Streak lines interpolation on the leadidges
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Using this criterion for the pressure side streakd, the found point is generally
different from the found point for the suction siteeak lines. To ensure the best continuity
of the suction side streak lines but also of thespure side streak lines, the suction side
streak lines are re-interpolated to obtain an idahpoint selected on the leading edge with
the geometrical criterion (see Fig. 9.6.).

Finally, continuous streak lines are obtained bkifig an original suction side streak
line and a re-interpolated pressure side streakliink with a Bezier curve.

4. MACHINING AND CONTROL.

4.1. DIMENSIONAL ASPECT

This work aims at studing the impact of the bladaghness on its hydrodynamic
performances. The developed strategy will be useatdchine real propellers but must be
tested beforehand on propeller models. The dimassib the tested propellers are linked
with a previous similarity study [4]. Their diametdepends on the testing device: the
cavitation tunnel. For those reasons the testefdetler has a 246.93 mm diameter, 6.925
times smaller than the real propeller.

To obtain results coherent with reality, the magtgrsurface roughness has to respect
the previous similarity study. In a similarity stud/ith a real propeller whose diameter is
1710 mm, [4], Damay et al. have shown that a 0.22 mmaximum cusp height should not
be penalizing. For this reason and because theinetipropeller is a 6.925 scale model
of a 1710 mm diameter real propeller, the maximuspdeight is set to 0.22 mm.

4.2. CHOICE OF MILLING KINEMATICS AND SETUP WORK-MECE.

As it can be observed on Fig. 10, the machininglter is not a cylindrical surface
and has no symmetry axis. Moreover, the surfaceature varies along the wall surface
and if the tool orientation is fixed, collisionstixeen the tool and the piece may appear. For
this reason a five axis milling machine is requitedmachine the blades. The Turbomill
1200 from Liechti is used.

To benefit from rotational axis (A) which is pergikcular to the spindle axis (Z), the
position and orientation of the blade on a fivesaxiachine tool are determined to propose a
continuous trajectory. Actually, the setup workeaefits the blade so that the propeller
rotational axis is almost perpendicular to the nmaeliool rotational axis A (see Fig 5).
More precisely, the piece is balanced in such a thay the extremity point of the blade
belongs to this rotational axis. The tail stockiggdifying the structure to limit deformation
due to flexion and to minimize vibrations duringlimg. Unlike a two-phase machining, the
developments and the new approach allow a one phalieg. The trajectories are
designed for manufacturing without discontinuitytla¢ leading edge from hydrodynamic
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data. In this orientation, due to the blade geoyméire most requested displacement axis is
the one perpendicular to A, namely the Z axis.dat,f considering the kinematics of the
machine, Z is the fastest axis according to acattar performances.

Blade Tail stock

Setup work-piece

Fig. 10. Milling on an aluminium blade (IRENav)

4.3. MACHINING INFLUENCE TO THE TOOL PATH PLANNINGMETHODOLOGY

On Fig. 9.4. it can be observed that the developethodology is not relevant on the
head and the foot of the blade. This disadvantagkie to the methodology but also to the
hydrodynamic data. Nevertheless, the methodologglevant in the most important part
of the blade (96%). Moreover, the parts where tle¢hdology is not relevant are the parts
where the thrust is the smaller (5%). In thosespré propeller is machined according to
the isoparametric curves of the blade surface. f@ghodology takes only into account the
propeller geometry for this zone.

5. CONCLUSION AND OUTLOOK

In the general context of propeller machining, ahuadology that optimizes the tool
path planning by integrating hydrodynamic constsiis suggested. The hydrodynamic
constraints are specified in the functional donsd are generally transfered in the virtual
domain thanks to the C.A.D. model. But, with thigthod, the whole hydrodynamic
constraints can not be transfered to the real domalack of information appears. With the
developed methodology, links are created betweenthihee domains of the propeller
production cycle to avoid this lack of informati¢see Fig. 7) and to obtain a “functional
machining” and a “functional roughness”. Througle streak lines, the irregularities are
oriented according to the fluid behavior. The stefaoughness is continuous at the leading
edge too; this continuity aims at avoiding the taton appearance. Finally, the
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methodology covers more than 96% of the propelleiase. This zone corresponds to more
than 95% of the thrust on the blade.

Then, after milling the four blades with the fiv&is machine, geometrical and
functional measurements can be planed to compareéhformances obtained with this
methology to the performances of a mirror polisheapeller.

Finally, a complementary study could be carried @utthe choice of the roughness
parameters taking into account the boundary layerral the blade.
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