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ABSTRACT

Advanced composite materials are becoming more prevalent
in marine applications, including marine rotors. Traditional rigid
metallic marine rotors are highly optimized for a specific loading
condition, away from which they tend to become sub-optimal.
When properly designed, an adaptive composite marine rotor
can provide improved performance through increased flexibility
and hydroelastic tailoring of the structural deformations, allow-
ing the blades to passively adapt to changing inflows through
fluid-structure interactions. Because of the load-dependent de-
formations that an adaptive marine rotor will undergo, considera-
tions must be made for variations in both propeller advance speed
and rotational frequency that will affect hydrodynamic and struc-
tural performance. Through development of a probabilistic op-
erational space, various rotor designs are considered herein in an
effort to determine the appropriate loading condition to optimize
the geometry and material configuration such that it maximizes
the performance improvements. A sample set of geometries with
varying material configurations and design speeds within the pre-
dicted design space are presented and analyzed over the probable
range of operating conditions. A reliability-based global opti-
mization technique is then presented to determine the optimal de-
sign point, geometry, and material configuration that maximizes
hydroelastic performance over the range of anticipated flow con-
ditions.
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INTRODUCTION

The use of advanced composite materials in marine applica-
tions has increased in recent years in an effort to conserve weight,
reduce maintenance costs, and increase survivability. Tradition-
ally, marine rotors are constructed of rigid metallic alloys such
as Nickel-Aluminum-Bronze (NAB) because of their superior
corrosion resistance, high yield strength, and design character-
istics. However, metallic propellers are optimized for a specific
design condition and their inherent rigidity results in reduced
performance under off-design conditions. Advanced compos-
ite materials, with proper optimization of the material and ge-
ometric design, can improve both hydrodynamic and structural
performance through exploitation of the flexibility and bending-
twisting coupling that allows for 3-D hydroelastic tailoring of the
structural deformation. The flexibility of the composite material
allows the rotor to passively adapt to changes in its surrounding
flow environment through fluid-structure interactions (FSI). As
such, the use of advanced composite materials has been shown
to lead to improvements in overall performance of marine pro-
pellers by way of passive, load-dependent geometric tailoring
that allows the pitch of the propeller blades to maintain the opti-
mal angle of attack over a wider range of flow conditions, notably
in off-design and in spatially/temporally varying flow conditions.

Utilization and exploitation of FSI has been under investi-
gation in the aerospace industry for some time. Aeroelastic tai-
loring and optimization techniques have been shown to improve
aeroelastic performance while reducing vibrations and loads for
helicopter blades [1-3]. Similar approaches have been taken to
improve performance and energy capture in wind turbines [4-6].
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For marine applications, investigations on methodologies
that use FSI have become more prevalent in recent years. Ma-
rine rotors, in general, experience consistent highly non-uniform
flow fields because of geometric constraints and environmental
variables such as boundary layer flow behind ship hulls, unsteady
seas, and/or maneuvering. In addition, the increased density of
water results in much higher loads and stresses that a marine ro-
tor must resist compared to aerospace applications, and there also
exists the potential for fluid cavitation. Hence, the capability to
passively adapt to these changing flow conditions can be advan-
tageous, particularly when operating at high rotational frequency
in spatially varying flow. However, these rotors are more difficult
to design and analyze than traditional rigid rotors because con-
siderations must be made for the load-dependent FSI responses,
material design, and potential material and/or instability failures.
The performance of an adaptive composite marine rotor is di-
rectly dependent on the selection of a material and geometry de-
sign that satisfies the performance requirements. Selecting the
most appropriate material and geometry design to maximize per-
formance over the full range of expected operating conditions is
not trivial because of the load-dependent deformation coupling
behavior with multiple performance-based constraints.

Recent numerical [7-11] and experimental [12—14] investi-
gations have demonstrated that properly designed self-adaptive
rotors can achieve improved hydrodynamic performance and in-
creased energy efficiency over a range of conditions when com-
pared with an equivalent rigid rotor. The general design con-
cept [10; 11] assumes that an optimal rigid geometry has been
previously developed which is used as a basis for the design of
the adaptive composite rotor. The adaptive composite rotor is
then designed such that it performs equal to its rigid counter-
part at the design advance coefficient, J, = J,, while it outper-
forms its rigid counterpart at off-design conditions, J, # J,. It
is of note, however, that the performance of adaptive propellers
is rate-dependent [10; 15]. Under fully-wetted flow conditions,
rigid propeller performance depends only on the advance co-
efficient, J, = V,;/nD. The load-dependent deformations, and
thereby the hydroelastic performance, of adaptive composite pro-
pellers depend on both J, and propeller rotational frequency, ,
(or similarly on advance speed, V,, for a given propeller diame-
ter D). In other words, for a geometrically similar rigid propeller,
the non-dimensional hydrodynamic thrust and torque (or lift and
drag) coefficients will be the same as long as the ratio of V, to
nD, or J,, is the same. For an adaptive propeller, however, the
performance depends on the specific values of V, and nD, and
not just the ratio, because the deformations depend on the total
load. It should be noted that V, dictates the operating J,, and
hence n, because the propeller thrust must match the vessel re-
sistance. As a result, a secondary design variable, herein defined
as design advance speed, V,, is needed for the design of adaptive
composite propellers because of the load-dependent nature of the
performance.

In its unloaded state, the adaptive composite propeller ge-
ometry is designed to be overpitched when compared with the
rigid propeller. As it is loaded, the blades are designed to de-
pitch as a function of the total load. Depending on the unloaded
geometry of the adaptive propeller, variations in operating con-
ditions result in a range of blade deformations (e.g. effective
blade pitch angle distributions) across the design space. Over
the range of the operating space, there must be a specific loading
condition for which the deformed (loaded) adaptive propeller ge-
ometry and performance match those of its rigid counterpart to
fairly compare the performance of the adaptive and rigid pro-
pellers. As such, the design advance speed, V,, is defined as the
speed at which the deformed adaptive propeller geometry must
match with the rigid propeller geometry. Further, the optimal ma-
terial configuration (e.g. laminate stacking sequence) will vary
based on the design speed to allow for sufficient flexibility and to
ensure material strength and stability. Hence, assuming that an
optimal rigid propeller geometry has already been developed, op-
timization of an adaptive composite propeller requires selection
of both a design advance speed, V,, and a material configuration
(e.g. stacking sequence) that maximizes propeller performance
over the full range of expected operating conditions and not just
at a single design condition.

Objectives

The objective of this work is to develop a reliability-based
global design procedure to optimize the performance of adaptive
marine propellers over the full range of expected loading con-
ditions. A series of geometry and material designs is presented
and the resulting propeller efficiency, thrust, cavitation potential,
and structural performance are compared over the range of op-
erating conditions. Response surfaces are developed to repre-
sent the propeller performance based on numerical predictions
using a 3-D propeller FSI analysis method. A load variation
reduction-based objective function is presented and a Nelder-
Mead constraint-based optimization technique is applied to the
response surfaces to determine the optimal design advance speed
and material stacking sequence to maximize propeller perfor-
mance over the defined range of flow conditions based on the
vessel resistance and speed characteristics.

FORMULATION

A previously validated fully coupled 3-D potential-based
boundary element method (BEM) and 3-D finite element method
(FEM) is used to evaluate the steady-state and transient responses
of both rigid and adaptive composite marine propellers under the
range of expected loading conditions by computing the hydrody-
namic blade loads, stresses, deformations, resonant frequencies,
power demand, propulsive efficiency, and fluid cavitation poten-
tial. Details of the solver can be found in [9; 16]. In addition,
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the BEM-FEM solver is used to determine the unloaded geome-
try of the adaptive composite propeller, given a material stacking
sequence, such that it deforms to match the optimized rigid pro-
peller at a specified design load condition and to analyze each
unloaded geometry over the expected operating conditions.

A critical assumption for the current design methodology is
that an optimized rigid propeller geometry has already been de-
termined such that it satisfies the performance requirements of
the target vessel. Based on the optimized rigid propeller geom-
etry, and for a given material configuration, the unloaded adap-
tive propeller geometry is determined iteratively such that the
loaded propeller geometry and performance match with those of
the rigid at the selected design condition, J, and V,,. The BEM-
FEM solver takes approximately 30 minutes to perform a geo-
metric design and approximately 3-5 minutes to analyze a given
propeller at a specific loading condition on a single Intel pro-
cessor. In order to optimize the propeller over the range of ex-
pected operating conditions, a series of loading conditions over
the operational space is selected for analysis and a response sur-
face is fitted to limit the number of simulations needed using
the coupled 3-D BEM-FEM to reduce computational cost. The
previously developed software package DACE [17] that applies
a Kriging approximation is used to determine the optimization
solution based on the response surfaces.

DEVELOPMENT OF THE DESIGN SPACE

The optimization of any structure will be highly dependent
on its application. An optimal design under one set of loading
conditions may not be optimal under another. For a marine pro-
peller operating behind a ship, the minimum requirement of the
propeller is that it provides enough thrust to move the vessel
through the water. Ship resistance, Ry, is defined as the force
required to push a ship through the water at a constant ship ve-
locity, Vs, and consists of components due to friction, waves, and
air resistance among others, and is a function of hull geometry,
ship speed, and fluid properties.

Because a propeller operates behind the hull of a ship, the
total thrust required of the propeller includes not only ship re-
sistance but also the additional frictional and pressure resistance
caused by the presence of the hull. As such, more thrust is re-
quired when operating behind a hull compared with open-water
(without the hull in unbounded water domain) tests to overcome
the additional resistance caused by the presence of the hull. An
empirical estimate of the additional thrust can be determined via
the use of a thrust deduction factor, ¢, that can be defined through
experimental testing or numerical simulations. The relationship
between ship resistance, Ry and required thrust, T, is defined as:

Rr=(1-0T (1)

Similarly, the presence of the hull changes the advance speed,

V,, of the water that reaches the propeller. A propeller operating
in the wake of a hull will have different characteristics than a
propeller operating in open water because of the viscous wake of
the hull. As such, the fluid will be moving at a fraction of the ship
speed, Vs, as the boundary layer effects from the hull change the
local velocity of the water in the vicinity of the propeller. Hence,
a similar relationship between the ship speed and the advance
speed of the water at the propeller plane can be defined using an
empirically derived wake fraction, w, where:

Va=(1-w)Vs @

Thus, for a given ship resistance curve, wake fraction, and thrust
deduction factor, the required thrust, 7', as a function of advance
speed, V,, can be derived.

It is intuitive that a ship resistance curve will be highly de-
pendent on the geometry and the function of the ship, as well as
on propulsor-hull interactions. For the purposes of demonstrat-
ing the design methodology, the required thrust is assumed to be
a Sth-order polynomial function of the advance speed, which al-
lows for the inclusion of a drag hump that would be typical for
the resistance curve of a surface ship. The resistance curve, as
shown in Figure 1, is assumed to be the mean of the ship re-
sistance. Variables such as cargo weight, shallow or deep wa-
ter, variations in sea state, or towing can create deviations in the
required thrust. As such, to analyze the full range of potential
operating conditions, upper and lower bounds are applied to the
operational space. Herein, a linear increase in the deviation from
the mean is applied to the resistance curve such that, at the top
speed, Vr, the bounds represent a deviation from the mean of
+15%.

Thrust Requirement

20

T (tons)

10r

10 15 26
v, (knots)

Figure 1. REQUIRED THRUST AS A FUNCTION OF THE ADVANCE

SPEED BASED ON THE ASSUMED VESSEL RESISTANCE CHARAC-
TERISTICS.
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As previously noted, the general design concept for adap-
tive composite propellers assumes that its rigid counterpart has
been previously optimized for the design advance coefficient, Jp,
which corresponds to a specific design speed, Vp. Figure 2 shows
the rigid propeller efficiency, 1, as a function of the advance co-
efficient for a range of potential blade tip pitch angles; it shows
how the rigid blade pitch angle is selected over the design space.
Notice that the design advance speed of the rigid propeller is
Jp = 0.615, which corresponds to the operating condition at the
design speed of Vp=15 knots.

Based on the resistance curve shown in Figure 1 and the
open water curves for the rigid propeller, the operating J, (and
hence n) at each advance speed V, is selected as the point at
which T = Ry /(1 —t) = pn’D*Kr. Hence, the operating ad-
vance coefficient, J,, can be expressed as a function of the ad-
vance speed, V,, such that the thrust requirement is met, which
provides the variation of the operating J, as a function of V,, as
shown in Figure 3. It should be noted that the upper and lower
bounds of the operating J, in Figure 3 correspond to the lower
and upper bounds, respectively, of the resistance curve shown in
Figure 1.

Typically, a rigid propeller is designed to achieve the max-
imum efficiency at the speed most frequently expected over the
lifetime of the vessel, i.e. Vp = 15 knots is the mode of the prob-
ability distribution function (PDF) of V,;, as shown in Figure 4.
The PDF of V, is assumed to follow a Weibull distribution, with
Vp = 15 knots and V7 = 20 knots, where V7 is the speed for
which the ship will operate at or below 95% of the time.

As shown in Figure 2, the blade pitch distribution (as rep-
resented by the blade tip pitch angle) of the rigid propeller is
selected to optimize the propeller efficiency at J, = Jp = 0.615,
which corresponds to the operating condition for the most fre-
quent advance speed, V, = Vp = 15 knots. By performing a series
of rigid blade computations at different pitch angle distributions,
the variation of the efficiency with blade tip pitch angle, ¢;;, and
J,, can be obtained. The results can then be used to determine
the theoretical optimal pitch angle distribution as a function of
Ju, as shown in Figure 2, which gives guidance on how to tai-
lor the blade deformations (by controlling the deformed pitch) of
the adaptive propeller to achieve the optimal performance over
the full design space.

The design space of the propeller can be represented by the
joint PDF of J, and V,;:

J1avaUasVa) = f1,(Ja) fv,(Va) 3)

where f;,(J,) = P{J, € dJ,} is the probability distribution of the
advance coefficient (which can be determined using Figure 3)
and fy, (V,) = P{V, € dV,} is the probability distribution of the
advance speed (as given in Figure 4). Figure 5 shows the joint
PDF of the design space. Determination of the probabilistic de-
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Figure 2. RIGID PROPELLER EFFICIENCY AS A FUNCTION OF AD-
VANCE COEFFICIENT AND BLADE TIP PITCH ANGLE.
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Figure 3. REQUIRED ADVANCE COEFFICIENT AS A FUNCTION OF
THE ADVANCE SPEED BASED ON THE ASSUMED VESSEL RESIS-
TANCE CHARACTERISTICS.

sign space is critical for the optimal design of an adaptive com-
posite propeller because its load-dependent deformations depend
not only on the advance coefficient but also of the advance speed,
which dictates the total load acting on the blades.

COMPARISON OF ADAPTIVE PROPELLER GEOME-
TRIES
We have established that while a rigid propeller can be op-
timized for a specific design advance coefficient, Jp, the load-
dependent and material-dependent deformation characteristics of
an adaptive propeller require a design advance speed, V,, for
which we can determine the corresponding advance coefficient,
Jo(V,), in addition to an optimal material configuration. Previ-
ous work by the authors [18] has shown that for a given material
stacking sequence with n-layers, each of which has a primary
fiber angle 6,, from the longitudinal axis of the blade, an equiv-
alent single layer fiber angle, 6., can be determined for which
approximately equal hydroelastic performance can be achieved.
Hence, for hydroelastic optimization, the equivalent single layer
fiber angle is used as a second design variable.
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Figure 4. PROBABILITY DISTRIBUTION OF THE ADVANCE SPEED.
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Figure 5. JOINT PDF OF THE EXPECTED OPERATIONAL SPACE.

For the purposes of this sample design, 24 potential ge-
ometries were examined to analyze the effects of various
adaptive propeller design points. Design velocities of V, =
[12,14,15,16,18,20] knots were selected based on the PDF
of the advance speed (Figure 4). The corresponding values
of the advance coefficients could then be determined as J, =
[0.521,0.586,0.615,0.642,0.676,0.686]. In addition, the range
of potential equivalent single layer fiber angles is limited. For
low values of 0.4, the blades become too stiff and do not de-
form enough to provide hydroelastic improvements over their
rigid counterparts. On the other hand, for high values of 8,
the blades become too flexible and the potential for structural
strength and integrity issues becomes prevalent. Hence, values
of 6,4 = [10.0,12.5,15.0,17.5]° were selected.

Using the BEM-FEM model, 24 unloaded geometries were
developed. Figure 6 shows the contour of the unloaded tip pitch
angles over the design space. The variation of the unloaded ge-
ometries (represented by the unloaded tip pitch angles) with V,
correspond very closely to the resistance curve shown in Fig-

ure 1. The local minimum in the required thrust curve at approx-
imately 16 knots corresponds to a local minimum in unloaded tip
pitch angle at each specific 0., because the lower dimensional
loading requires less depitching of the blade to reach the design
condition. In addition, the unloaded tip pitch angle increases as
0.4 increases because, for low values of 6,4, the blades are stiff
and do not have the capability to deform as much as when 0.,
is higher. Variations in unloaded tip pitch angle due as a func-
tion of ., can be considered a measure of the blade’s capacity
to deform while variations due to V,, are a function of the blade’s
necessity to deform.
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Figure 6. UNLOADED TIP PITCH ANGLE OF THE ADAPTIVE COM-
POSITE PROPELLER OVER THE POTENTIAL DESIGN SPACE.

Given our set of potential geometries, a comparison of the
propeller behavior over the design space is presented in Fig-
ures 7-9. Figure 7 shows a comparison of the deflected blade
tip pitch angle for each design geometry over a range of flow
conditions. Note that, for each of the designs, the adaptive pro-
peller pitch matches with that of the rigid propeller at each V.
The effect of V,, on the overall deformation of the blades is quite
evident. For V, < Vp, J, < Jp (see Fig. 3) and thus the effective
angle of attack is higher than the angle of attack at Vp. Hence,
the adaptive blades tend to depitch more than the value at Vp,
toward the theoretical optimal pitch angle, but the depitching ac-
tion is limited because of the small dimensional load at small V.
Alternatively, for V, > Vp, J, > Jp and thus the angle of attack
becomes smaller than the value at V. Hence, the adaptive blades
tend to depitch less than the value at Vp, which is again toward
the theoretical optimal pitch angle, but the effect is countered by
the increase in total dimensional load at high V,,. Thus for some
cases, the deformed tip pitch angle of the adaptive propeller is
even further away from the theoretical optimal values than the
rigid because of the load-dependent deformations. Moreover, it
is evident via Figure 7 that the optimal V, is not necessarily equal
to Vp.

Figure 8 shows a comparison of the deformed pitch angles
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Figure 7. DEFORMED TIP PITCH ANGLE FOR THE VARIOUS AD-
VANCE SPEEDS AS A FUNCTION OF THE DESIGN VELOCITIES, V.

with the predicted cavitation bucket for V,, = [12,15,20] knots.
The dotted line crossing through the cavitation bucket represents
the cavitation number, G, of for the propeller at a depth of h =5
m at different speeds, with 6, = (P, — P,) /pn>D?. Cavitation
occurs at —Cp = (P, — P) /%pnzD2 >0, (i.e. P <P,). Note that,
except near the top speed, face side cavitation is not expected,
while back side cavitation occurs at both high speeds and low
speeds. It is of note, however, that improvements can be made
which are directly related to the deformed pitch angle. By re-
ducing the angle of attack at low V,, the susceptibility to back
side cavitation can be reduced. Similarly, an increased angle of
attack at high values of V, reduces the susceptibility to face side
cavitation. It is of note that certain designs result in increased
susceptibility to face side cavitation at high speeds where the di-
mensional load that result from the high velocities forces the de-
formed pitch angle and resulting angle of attack to become lower
than the rigid propeller. This is not as much the case for back
side cavitation, as the blades tend to depitch below the rigid tip
pitch angle for most of the designs with the exception being for
low design speeds. Figure 9 shows a comparison of the hydroe-
lastic performance of the propellers corresponding to Figure 8 in
terms of thrust coefficient, K7, and propeller efficiency, . Be-
cause the deformed tip pitch angles of the adaptive propellers
do not vary much from the rigid tip pitch angle, the efficiencies
compare quite closely with the rigid for all of the designs. If we
integrate the efficiency over the entire design space and weight it
based on the joint PDF of the design space, we can see that there
is, in general, a slight improvement in overall efficiency com-
pared to the rigid propeller. Figure 10 shows a fitted surface of

the overall efficiency improvement, AN;,q1, Where:

/J /V [nadaptive (Jua Va) fJa,Va (Jm Vu)] d-]udva

/J /V [nrigid (Javva)flu,\/a (Juava)] dJaqu

Antotal = - 1(4)

It is more notable that, for lower pitch, the lower angle of attack
results in lower thrust coefficients, while the opposite is true for
higher pitch angles. The significance of this is that the range of
loads, and the resulting range of stresses, that the adaptive blades
will experience is lower than those experienced by the rigid pro-
peller. This is critical for considering the fatigue behavior of the
two structures, as fatigue life is highly dependent on the ampli-
tude of stress variations over the life of the structure, thus for
unsteady loading conditions, the improvements provided by the
adaptive propeller can be expected to be notable. In addition to
unsteady flows, this can become critical in spatially or tempo-
rally varying flows, particularly when related to fatigue, because
the cyclic load variation with each revolution, and thereby re-
duction of the load variations, can extend the fatigue life of the
structure.
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Figure 8. COMPARISON OF THE DEFORMED TIP PITCH ANGLE
(LEFT) WITH THE CAVITATION POTENTIAL (RIGHT) FOR VARIOUS
DESIGN ADAPTIVE PROPELLER GEOMETRIES. THE LINE LEGEND
FOLLOWS THAT OF FIGURE 7.

PROPELLER OPTIMIZATION
We have shown in the previous section that, given an ap-
propriately designed adaptive composite propeller, hydroelastic
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Figure 10. TOTAL PROBABILISTIC EFFICIENCY IMPROVEMENT
OVER THE DESIGN SPACE.

performance improvements can be achieved over its rigid coun-
terpart in terms of cavitation potential (both face and back side),
propeller efficiency, and load variations. If we assume that the
rigid propeller is optimized for the most frequent operating con-
dition, then, for comparative purposes, the adaptive propeller
should be optimized such that it maximizes hydroelastic perfor-
mance improvements over the entire expected operational space.
It is of note, however, that we cannot maximize one aspect of
performance without potentially reducing the improvements for
another aspect of performance, and hence it is necessary to deter-
mine, based on the application of the structure and on the poten-

tial for improvement, what the objective function and constraints
of the optimization should be.

We have shown in Figure 10 that the total probabilistic ef-
ficiency improvement ranges from approximately -0.1%-0.5%.
While the improvements are slight, over the life of the struc-
ture this will provide some benefit; however, the potential for
improvement is low enough that it is not practical to optimize the
propeller for maximum efficiency improvement. Hence, we can
define an efficiency constraint function, ¢ (J4,V,), that requires
that the adaptive propeller provides overall efficiency improve-
ment over its rigid counterpart:

1 (Ja>Va) = Antotal >0 (5)

In addition, susceptibility to cavitation, both face and back side,
can be reduced by properly selecting a design point. It is of note,
however, that these improvements occur more toward the tails
of the advance speed PDF. At and around the most probable ad-
vance speed, Vp, the potential for cavitation for the adaptive pro-
peller is approximately the same as that of the rigid propeller. If
we compare where the cavitation buckets intersect with the cav-
itation number, however, it is evident that the adaptive propeller
can extend the cavitation free region around Vp. The probabil-
ity of cavitation occurring can be determined by comparing the
front and back side pressure coefficients, the cavitation number,
and the probabilistic design space, and a Bernoulli distribution
can be formulated such that:

(Peav) face (JasVa) = 1, = (Cp) face (JasVa) — On (Ja, Va) > 06)
=0, — (CP)face (Ja,va) —Op (Ja,va) <0

(Peav)back (Ja,Va) = 1, = (Cp)pack (Ja, Va) — Sn (Ja, Va) > A7)
=0, —(CP)vack (Ja,Va) =0 (Ju,Va) <0

The susceptibility for cavitation can then be defined by integrat-
ing the probability of cavitation over the design space:

(Pcav)face - /J /‘; [(Pcav)face (Javva)fla,va (Jaava)]d-ladva(g)

(Pcav)back = /J /‘; [(Pcav)buck (-]avva)fj,,,va (-’aava)}djadva(g)

Thus we can define this as a set of cavitation potential constraint
functions, ¢; (J4,V,) and ¢3 (J,, V,), that require that the adaptive
propeller reduces the susceptibility to both face and back side
cavitation over the design space:

((([(’ZV)J;aCE)Sduptive _1<0 (10)
cav) face
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rigid



( (PCaV)buck)aduptive

e3(Ja, V) = ~1<0 (11)

((Pcuv)back)rigid

With the three constraint functions defined, we then define an ob-
jective function, g,p;, such that we minimize the load variations,
as defined by the thrust coefficient, Ky (Figure 9), and in turn
reduce the amplitude of the stress fluctuations and susceptibility
to cavitation that would be expected under unsteady operating
conditions. As mentioned above, by reducing the stress fluctua-
tions, it can be expected that we can extend the fatigue life of the
structure in spatially or temporally varying flows. Continuing to
use the rigid propeller performance as a baseline, we can define
an objective function to select a design point that minimizes the
variation in K7:

AK N
ggbj (V(),egq) — min (| T|)adllpme (12)

Vobeg  ( |AKT ‘ )rigid

subject to the three constraint functions defined above.

With an objective function and constraints defined, selection
of an appropriate optimization procedure is necessary. Because
of the number of points needed in the design space in addition
to the iterative nature of the BEM-FEM model, a gradient-free
optimization procedure is applied herein. The Nelder-Mead sim-
plex or nonlinear simplex method [19] is selected for the opti-
mization for this design example because it does not require the
computation of derivatives and it does not require the objective
function to be smooth. While the Nelder-Mead method becomes
weak for a larger number of design variables, for the two-variable
optimization shown here it is efficient. Because we are using
a gradient-free optimization scheme, the constraints are imple-
mented directly into the objective function as an infinite penalty
function, ¢ (J,,V,), where for a system with j constraints:

¢j(Ja,Va) = oo if the constraint ¢; (J;,V,) is violated (13)
= 0 otherwise
é(Jq,Va) = maxé;j (Ja,Va) (14)
J

and we can define a modified objective function, T,; as:
Ttobj (Jaava) = 8obj (Javva)+6(Ja7Vu) (15)

and the optimizer will tend toward only feasible values that have
not been forced to infinity by the penalty function and thus we
can develop a feasible design space. Figure 11 shows a plot of
the feasible design space based on each of the individual con-
straints as well as a cumulative feasible design space considering
all of the constraints. The black regions are feasible design points

while the white regions are not feasible. The back side cavita-
tion constraint only comes in for lower design speeds where the
adaptive and rigid propeller angles of attack are very close, by
design, at the low speeds where back side cavitation occurs. Sim-
ilarly, for adaptive design speeds between 15-19 knots, the adap-
tive propeller angle of attack is consistently near or below the
rigid propeller angle of attack at high speeds because of velocity-
induced deformations, resulting in increased face side cavitation
for those designs. The efficiency constraint, on the other hand,
places very little constraint on the design as only stiff propellers
designed for low speeds or flexible propellers designed for high
speeds are considered not feasible. For stiff propellers at a low
design speed, there is neither capability nor necessity for initial
overpitching of the propeller and at high speeds the propeller
tends to depitch beyond the rigid pitch angle. The opposite is
true for overly flexible propellers at high design speeds, where
the initial overpitch is high and at low speeds the blades do not
depitch enough to provide improvement over the rigid propeller.
Given the three constraints, the cumulative feasible design space
is shown in the bottom right corner of Figure 11.

Face Side Cavitation

Back Side Cavitation

14 16 18 20
V0 (knots)

Efficiency Improvement

14 16 18 20

V0 (knots)
Cumulative

14 16 18 20 14
V0 (knots)

16 18 20
V0 (knots)

Figure 11. FEASIBLE (BLACK) AND NON-FEASIBLE (WHITE) DE-
SIGN SPACE BASED ON BACK SIDE CAVITATION (TOP LEFT), FACE
SIDE CAVITATION (TOP RIGHT), EFFICIENCY (BOTTOM LEFT), AND
CUMULATIVE (BOTTOM RIGHT) CONSTRAINTS.

With the feasible design space defined, a comparison can
be made between the objective and the modified objective func-
tions, as shown in the contour maps of Figure 12. By running
the optimizer in the constrained space, we can converge to the
global minimum within the design space and have a feasible de-
sign point that minimizes the variation in thrust coefficient while
meeting the cavitation and efficiency constraints. For this design,
the optimal design point was found to be V,, = 13.0 knots and
0.4, = 17.25°. It is of note that there exists a second minimum
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at approximately V,, = 19.2 knots and 8., = 17.5°. Because the
Nelder-Mead simplex method does not guarantee that a global
minimum will be found, several starting points that sample the
design space were used for the original simplex and the two local
minima are compared. Figures 13 and 14 show sample paths of
the simplexes as they converge to the minima and how the selec-
tion of the starting point and size of the initial simplex can affect
the optimization. The point V,, = 13.0 knots and 6., = 17.25°
was found to provide the biggest improvement of approximately
9.9% reduction in variation of the thrust coefficient when com-
pared with the rigid. Correspondingly, the probability of back
side cavitation was reduced by 2.3% while the probability of face
side cavitation was reduced by 9.7%. In addition, the total effi-
ciency improvement was found to be approximately 0.3% over
the design space.

Objective Function, g Modified Obj. Fn., nob]

obj

16 18
Vu (knots) V0 (knots)

Figure 12.  CONTOUR MAP OF THE OBJECTIVE FUNCTION WITH-
OUT CONSTRAINTS (LEFT) AND THE MODIFIED OBJECTIVE FUNC-
TION WITH CONSTRAINTS INCLUDED (RIGHT).
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Figure 13. CONVERGENCE OF THE NONLINEAR SIMPLEXES TO
THE GLOBAL MINIMUM OF THE MODIFIED OBJECTIVE FUNCTION.
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Figure 14. CONVERGENCE OF THE NONLINEAR SIMPLEXES TO
THE LOCAL MINIMUM OF THE MODIFIED OBJECTIVE FUNCTION.

CONCLUSION AND SUMMARY

This work presents a reliability-based global design opti-
mization methodology for adaptive marine propellers operating
under a range of steady loading conditions. Given a ship resis-
tance curve and optimized rigid propeller geometry, in addition
to a probability distribution of the propeller advance speed, a
probabilistic operational space was developed within which the
adaptive propeller can be expected to operate. Because of the
rate-dependent deformation behavior of adaptive marine struc-
tures, developing a realistic operational envelope is critical be-
cause propeller performance depends on the total dimensional
load, which is a function of V, and J,. Hence, not only does
the material configuration have to be optimized for an adap-
tive marine structure, but selecting the appropriate design speed
for which the adaptive propeller geometry and performance will
match those of the rigid propeller becomes a critical design vari-
able.

Using a previously validated BEM-FEM model, a set of
sample geometries were designed and analyzed with varying ma-
terial configurations and design speeds over the expected opera-
tional space. The resulting geometries vary depending on veloc-
ity dependent load requirements and the flexibility provided by
the material configuration. Comparisons of the various geome-
tries show that selecting the appropriate design point that max-
imizes performance is not trivial. By comparing the structural
deformations, efficiencies, thrust coefficients, and potential for
cavitation, it is evident that an appropriately designed adaptive
propeller can improve various aspects of hydrodynamic perfor-
mance but that, in general, maximizing performance in one area
can result in decreased performance in others.

The hydrodynamic performance of the various designs was
analyzed over the design space and the propeller design was op-
timized based on minimization of the variation in the thrust co-
efficient over the operational space. Minimization of the thrust

Copyright (© 2010 by ASME



coefficient is representative of minimizing the amplitude of load
variation and correspondingly stress variation and potential for
cavitation that the propeller blades will see over the life of the
structure. This is critical to extending the fatigue life of the
blades and to extend the range of cavitation free operations. Con-
straints were placed on the optimization such that, compared with
the rigid propeller, the adaptive propeller was, on average, more
efficient and less susceptible to cavitation. Using a Nelder-Mead
simplex optimization scheme with penalty constraints, an opti-
mal design point of V,, = 13.0 knots and 6., = 17.25° was found
that reduces the load variation by approximately 10%, cavitation
potential by 2.3% on the back side and 9.7% on the face side,
and increases the total efficiency by approximately 0.3%.

Overall, this work stresses the importance of considering
the effects of load-dependent deformations when designing an
adaptive marine structure. These effects create additional design
variables that must be considered and make the determination of
what is the optimal adaptive design highly non-trivial. The op-
timization presented herein is based only on hydrodynamic per-
formance. Further considerations must be made based on struc-
tural performance to ensure that structural strength and/or sta-
bility issues do not become a concern. Additionally, the results
presented herein are for steady state operation. For unsteady ap-
plications, the improvements provided by the adaptive propeller
are expected to become more noticeable in terms of reduction
of loads, delay of cavitation, and improved hydrodynamic effi-
ciency.
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