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a b s t r a c t

This paper details a novel morphing composite propeller (MCP) to improve the performance for marine
vehicles (MVs). A MCP is designed with an active rotatable flap (ARF) to change the blade’s local camber
with flap rotation. A piezo-stack actuator has been connected with one transmission mechanism housed
in the propeller blade to push the ARF to obtain various configuration of the MCP. A commercial Finite
Element (FE) software ANSYS Fluent was employed to analyse and simulate the hydrodynamics around
the propeller with the ARF ranging from �5� to +5� and the advance speeds ranging from 1.08 to 2.52 m/s.
Finally, the FE results has been used to predict improved performances of the MCP and found the mor-
phing composite propeller configuration has improved the efficiency by 1.1% while improving the struc-
tural durability.

� 2017 Elsevier Ltd. All rights reserved.
1. Introduction

One of the most widely used propulsion equipment, the pro-
pellers play an essential role on UVs and other underwater vehi-
cles. For the propellers on the MVs, the working conditions are
very complicated and many off-design operating conditions will
be suffered like crashback or rapid reversing. Therefore, the
increased efficiency and the thrust of propellers will benefit their
working conditions. Due to these reasons an integrated geometry
reconfiguration technique such as morphing composite propeller
seems to be capable of improving the efficiency significantly. How-
ever, only a few published research work are available on the mor-
phing propellers. In 2000, a biomimetic propulsor based on shape
memory alloy (SMA) was fabricated by Bandyopadhyay et al. [1]
and the theoretical analysis has presented [2]. In 2005, a morphing
propeller based on reconfiguration technique was fabricated by
Wasylyszyn [3] in Texas A&M University. In this work a rotatable
leading edge (LE) flap actuated by SMA is assembled on the pro-
peller blade and a concise hydrodynamic test has been conducted.

In order to study the hydrodynamic characteristics of a morph-
ing composite propeller of an MV, a proper analytical model and an
efficient simulation method are needed. Since the 1980s, the
numerical methods of Computational Fluid Dynamics (CFD) have
received increasing attentions. Stem et al. [4] have investigated
the hydrodynamic characteristics of a submarine propeller and
fluid–structure interaction between submarine body and the pro-
peller was calculated with CFD. Abdel-Maksoud et al. [5] have
investigated a highly skewed propeller (HSP) using viscous flow
theory. Rhee et al. [6] explored the validation of the results calcu-
lated by RANS of a marine propeller with unstructured grid. The
performances of off-design conditions of marine propeller are cal-
culated by Broglia et al. [7] with CFD theory, and this method was
helpful to evaluate the overall performance of various propellers
working under off-design conditions. Gaggero et al. [8] utilized
the RANS method to analyze the tip vortex cavitation then com-
pared with experiment results, and the comparison has shown a
good agreement. Subsequently, Sánchez-Caja et al. [9] improved
the calculation accuracy of the propeller wake prediction with
RANS method. In order to simulate the cavitation under unsteady
state of the marine propeller, Bin Ji et al. combine the partial
time-averaged N-S (RANS) method with modified turbulent model
to process the simulation [10].

During past few decades many researchers have explored vari-
ous methods for the numerical analysis of composite marine
propellers. In 1996, Lin et al. [11,12] develop the 3D FEM/VLM
method combining the effect of fluid-structure interaction (FSI)
and then the hydroelastic analysis of the marine propeller. In
2004, Lee et al. [13] improve this method and conduct the
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Nomenclature

ARF active rotatable flap: the deformable component of the
propeller

AC advance coefficient: the dimensionless variable to char-
acterize advance speed

BC boundary condition
BEM boundary element method
BWC blade with cavity
BWoC blade without cavity
CFD computational fluid dynamics
CFRP carbon fiber reinforced plastics
CP conventional propeller
DM design modeler
EAP electro-active polymer: one dielectric smart material

whose shape can deform with various voltages
FEM finite element method
FH flexure hinge: the flexible linkage of the transmission

mechanism as a mechanical hinge does
FSI fluid-structure interaction
IFF inner flow field: the computational domain of the inner

body who embraces the propeller
IP interface pair: the adjacent interfaces of the inner body

and the outer body of the computational domains
LE leading edge

MCP morphing composite propeller: the smart and morphing
structure

MRF multi-reference frame: a simplified model embedded in
Fluent to make the calculation more economical with
satisfied accuracy

MV marine vehicle
OFF outer flow field: the computational domain of the outer

body who embraces the iff and the propeller
RANS Reynolds-averaged Navier–Stokes
SMA shape memory alloy: one smart material made by alloys
SMP shape memory polymer: one smart material made by

polymers
SMPC shape memory polymer composite: the combination of

SMP and other ingredients which include fibers, func-
tional particles, nano-materials (nanotube or nano-
particles etc.) and so on

SS stacking sequence
TE trailing edge
TM transformation mechanism: the bridge between actua-

tor and ARF, which is used to transmit displacement
and driving force

VLM vortex lattice method
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composite layering optimization by means of genetic algorithm.
Following their work, the stress and fatigue evaluation of compos-
ite propeller has been studied by Lin [14]. From 2007 to 2013,
Young et al. [15–20] have developed abundant achievements on
propeller design and numerical analysis, especially for the compos-
ite propellers. In 2007, Young [15] conducts the time-dependent
hydroelastic analysis of cavitating propulsors with a 3-D
potential-based boundary element method (BEM) coupled with a
3-D finite element method (FEM). In 2008–2009, Young et al.
[16,17] study the fluid–structure interaction of flexible composite
propellers in subcavitating and cavitating flows based on the
coupled boundary element (BEM) and finite element (FEM)
approach at first, and then the self-twisting composite marine pro-
pellers under both steady and unsteady operating conditions are
calculated. Next, Young et al. [18,19] come up with the analysis
of self-adaptive composite marine propeller and explore the scal-
ing law for the flexible propellers. In 2013, Nelson and Young
et al. [20] perform a simultaneous optimization of propeller–hull
systems, whose destinations result from the energy economical
point of view. However, all these contributions rarely referred to
the morphing composite propellers as our work does, which is a
profound approach for maneuver and durability of marine vehicles.

In conclusion, the various simulations of CFD methods are cap-
able to study the overall performances of the marine propeller
ranging from hydrodynamics to wake flow prediction. Through
the CFD methods, the satisfied results can be obtained compared
with hydrodynamic tests. Thus, in this paper, the RANS method
will be adopted to study the hydrodynamic characteristics with
the configuration varying with the rotation of ARF, which is also
sound and reasonable.

The smart materials can be functionally designed according to
intended usage such as, piezoelectric materials with their compos-
ites [21–23], magnetostrictive materials [24,25], shape-memory
alloy (SMA) [26,27], shape-memory polymers with their compos-
ites (SMPs and SMPCs) [28–30], electroactive polymers (EAP)
[31,32]. These functionally designed smart materials have revolu-
tionized the fields on sensors and actuators. As a result there are
windows of opportunities for researchers and engineers to manu-
facture smart structures for many engineering applications.
Many research work have shown the potential use of smart
materials and structures on helicopter rotors. However, the appli-
cation of the smart materials and structures on marine propellers
are limited. Chopra [33] has introduced the double piezoelectric
crystal plates to drive the active flap, and obtain favorable results
on decreasing the hub dynamic load of the rotor. Later, Lee and
Chopra [34] design and fabricate an L-L actuator based on piezo-
stack ceramic, but the result seems not very qualified with their
design scheme for some design defects. Andreas et al. [35] have
designed a C-shaped actuator, however the dynamic balance prob-
lems occur for the structural layout when the rotor undergoes
wind tunnel test. Straub et al. [36] have fabricated a double
X-shaped actuator, which was performed well during the wind
tunnel testing. Qingqing Lu [37] has designed and fabricated a
rhombus-shaped actuator based on piezo-stack ceramic, which
shows positive effect during the wind tunnel testing.

This paper will explore whether the geometry reconfiguration
with active control techniques can improve the performance of a
propeller of MV. This propeller will be equipped with an actuator
to rotate ARF which will provide propeller’s morphing characteris-
tics. Moreover, the morphing propeller has self-adaptive function;
i.e. the propeller can achieve different navigation modes, such as
lower rotation velocity with higher advance speed, or higher rota-
tion velocity with lower hub/shaft load.

2. The selection of turbulence model

The RANS method is that the turbulence can be simplified as
two parts—time-averaged flow and transient fluctuated flow.
Based on RANS method, the time-averaged continuum equation
and N-S equations are ‘‘translated” as follows [38]:
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Fig. 1. Schematic of MCP (a) conventional propeller (b) simplification of MCP (c) cavities of MCP (d) ultimate design.
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Over the years many researchers have modified this model with
some assumptions. According to the different assumptions, the
RANS method can be represented by two turbulence models, that
is, Reynolds Stress Model and Eddy Viscosity Model. For this
research, the Eddy viscosity Model, two-equation model, is mainly
utilized as it is convenient and reasonably accurate, namely, the
standard k� e model is utilized.

3. Structural design of morphing composite propeller (MCP)

Initially, a scaled 1:20 model of a conventional propeller (CP)
was modeled using SolidWorks, and subsequently an ARF shape
was modelled. The scaled model was selected according to the lim-
itations of available experimental facilities. Next a piezo-stack
actuator system is selected and the transmission mechanism
(TM) was designed, and the actuator system was assembled into
the propeller hub. The TM was placed in the propeller blade and
the ARF was linked with propeller blade. The CP is shown in
Fig. 1(a), which is composed with three components — one hub
and two blades. Based on the CP design scheme, a morphing
Fig. 2. Definition of outer flow (a) outer flow (b) hybrid m
composite propeller (MCP) assembled with active rotatable flap
is designed. Compared with CP, the main distinction is the addition
of the ARF, shown as Fig. 1(b). At a cavity on the trailing edge (TE)
of the propeller, Fig. 1(c), the ARF connected through the ESS and it
can rotate around thus the local camber of the propeller blade can
be changed during the operation; the cavity area that the ARF
occupies was 0.5R–0.7R (R is the propeller radius) along the refer-
ence line of the blade, and the width was approximately 25% of the
local propeller width. There were two options for ARF assembly,
one is the ARF assembles on the blade near the LE [3] and the other
is the ARF embeds on the area near the TE. The former may cause
cavitation issue easier than the latter since the water will come
upon the LE at first, and the cavitation will exists for the whole pro-
cess when the water flows along the blade surface. Thus, the sec-
ond scheme was chosen for design the ARF. The overall design is
shown as Fig. 1(d).

Due to the scale of the actuator system was larger than the pro-
peller blade in thickness direction, it was impossible to incorporate
the actuator mechanism into the propeller blade. The initial idea
was to attach the actuator system in the hub, and the bridge
esh (c) unstructured mesh for IFF (d) mesh for MCP.



Fig. 3. The analysis curves for first analysis method (a) The KT – J curves (b) The 10KQ – J curves (c) The g– J curves (d) The Tf –J curves.

Fig. 4. The analysis curves for second analysis method (a) The KT –h curves (b) The 10KQ –h curves (c) The g– h curves (d) The Tf – h curves.
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Fig. 5. Modeling for MCP blade with and without cavities (a) geometry without cavities (b) geometry with cavities (c) mesh model without cavities (d) mesh model with
cavities.
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between the actuator and the ARF is the TM. Nevertheless, the
blade e is extremely thin, at the TE; for the concept of TM was
not achievable. In order to tackle these obstacles, a novel TM was
designed and included in the blade, shown in Fig. 1(d).
4. The hydrodynamic analysis of the MCP

ANSYS Fluent a commercial software will be used for hydrody-
namics analysis of MCP. The hydrodynamic analysis of the MCP
will be done for various advance speeds and rotation angles of
ARF. These performance of the MCP will be compared with the per-
formances of an unmodified blade. Following dimensionless
Fig. 6. The deformation contours of the blade with/wo cavity (a) suction surface wo cavity
with cavity.
parameters will be calculated using the results from Fluent
analysis.

Advance coefficient J ¼ V
nD

ð3Þ

Thrust coefficient KT ¼ T

qn2D4 ð4Þ

Torque coefficient KQ ¼ Q

qn2D5 ð5Þ

Efficiency g ¼ TV
2pnQ

ð6Þ
; (b) pressure surface wo cavity; (c) suction surface with cavity; (d) pressure surface



Fig. 7. The stress contours of the blade with/wo cavity (a) suction surface wo cavity; (b) pressure surface wo cavity; (c) suction surface with cavity; (d) pressure surface with
cavity.

Fig. 8. Geometry and simulation of redesign BWC (a) geometry (b) stress contour.

Table 2
The parameters of the Carbon/Epoxy uni-directional reinforcement [39].

Parameter type Denotation Unit Value

Young’s modulus Ex GPa 135
Ey GPa 15
Ez GPa 15

Shear modulus Gxy GPa 5
Gyz GPa 2.9
Gxz GPa 5.3

Poisson’s ratio mxy – 0.3
myz – 0.02
mxz – 0.02

Density q kg/m3 1600
Thickness t mm 0.3

Table 1
The comparison of the two blades (BWoC and BWC).

Resultgeometry Displacement (max)(mm) Stress (max)(Mpa)

BWoC 9.38e�2 8.63
BWC (before) 9.66e�2 15.16
BWC (after) 9.55e�2 9.45
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where

V – advance speed (m/s);
D – diameter of propeller (m);
q – water density (998.2 kg/m3);n – rotation velocity (rps);
T – thrust (N);
Q – torque (N�m).
Based on the four dimensionless variables (Eqs. (3)–(6)), the cal-
culated results will be analyzed with two methods—independent
variable J with parameter h and independent variable h with
parameter J.

For the first method, J is an independent variable while h is a
parameter, and the T, Q, KT, 10KQ, g will vary with J ranging from
0.3 to 0.7. The ARF angle h varies through 11 steps (from �5 to
+5� with an increment 1�, and when the ARF rotates to the suction
surface it is defined that the rotation angle is negative, and vice



Fig. 9. The solid-based modeling composite blade.

752 F. Chen et al. / Composite Structures 168 (2017) 746–757
versa). Similarly, for the second method, the T, Q, KT, 10KQ, g will
vary with h ranging from �5 to + 5�, and J is a parameter.

As shown in the Fig. 2(a) the flow field is composed of two parts
i.e. inner flow field (IFF) and the other outer flow field (OFF). The
IFF is the dynamic portion rotating around the propeller rotation
Fig. 10. The deformation contours of SS2 for the horizont
axis to simulate the water passing through the propeller, and the
OFF is stationary relative to the MCP. In Fluent, the multi-
reference frame (MRF) model can realize this simulation process,
and the Frame Motion option is selected for IFF, setting rotation
velocity 900 rpm (15 rps), but the OFF stays stationary. Owing to
the complex shape of the MCP configuration, hybrid mesh is uti-
lized—the IFF is meshed with unstructured mesh and the OFF with
structured mesh, illustrated in Fig. 2.

As discussed in Section 2, the standard k � e model was
selected, for MCP performance analysis. For the open water
simulation of the MCP, the velocity boundary condition is the cru-
cial part, and 5 situations will be given — 1.08, 1.44, 1.80, 2.16,
2.52 m/s, the turbulent kinetic energy set to be 0.02 and turbulent
dissipation rate to be 0.5; the stationary wall BC used for the cylin-
der surface of OFF, and the no-slip BC is utilized near the cylinder
surface; the outflow BC is applied for the outlet and moving wall
BC should be established for the MCP surface, and the moving type
was rotational relative to the IFF. The pressure based solver was
used and the pressure-velocity coupling was iterated with SIMPLE
algorithm. Before the calculation procedure, an initialization must
be given to initiate the solution so that the iteration can be
proceeded.
al analysis (a)–(e) represent J = 0.3–0.7, respectively.
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In Fluent simulation, advance speed V is the input variable and
T, Q is obtained from the simulation results. Consequently, J, KT,
10KQ, g can be calculated. For the open water simulation of the
MCP, the parameter J has calculated for each angle of ARF. Two
independent numerical analysis will be conducted for the change
of ARF rotation and for the change of AC.

As shown in Fig. 3(a), the increase of AC J, each group of Thrust
coefficient KT linearly decreases at certain angle. At AC J = 0.7, a ser-
ies of intersection points can be obtained, which can be treated as
critical advance coefficients (JTc). As anticipated, JTc increases with
the increase of h, as the increase of h will delay the initiation of
negative thrust’s. As such the rotation of ARF can adjust to control
the adverse effect of the negative thrust under a constant rotation
velocity of propeller shaft.

As shown in Fig. 3(b) when the AC J increases, the 10KQ

decreases at certain angle. Analogous to the thrust analysis, the
torque analysis has something in common on the curves variation
trend. Through the intercept on the J axis, the critical advance coef-
ficient JQc can be obtained. The negative torque (�Q) will occur
Fig. 11. The stress contours of SS2 for the horizontal a
when J > JQc, and also, the JQc increases with the increase of h due
to the delayed ‘‘zero-Q”.

With the increase of the AC J, the efficiency of theMCP climbs up
to its maximum and then drops down dramatically. As shown in
Fig. 3(c), the maximum efficiency is located in J = 0.6 for all curves
and the value of each curve has an obvious distinction. Before
J = 0.6, the efficiency for each curve increases. When J = 0.7, the effi-
ciency increases with the increase of rotation angles at all the ACs,
showing the positive effect of morphing composite propeller.

The three analyses above are the overall performance of the
MCP, and some rules and trends are presented. This part details
the local hydrodynamic forces acting on the MCP & ARF. The most
critical property is the hydrodynamic force of apply on ARF i.e. flap
thrust Tf. The Tf has obtained from the various AC Js under certain
rotation angle h. This data is essential for the design and fabrication
of the TM. As depicted in Fig. 3(d), the Tf decreases linearly with the
increase of J under various rotation angles h ranging from �5� to
+5�. The slope of each curve decrease closer to horizontal state
with the h from �5� to +5�. This phenomenon demonstrates that
nalysis (a)–(e) represent J = 0.3–0.7, respectively.



754 F. Chen et al. / Composite Structures 168 (2017) 746–757
the force acting on the ARF is significant with the change of incli-
nation. The variation of Tf with the positive rotation of ARF seem
to be less sensitive to the J’s change compared to negative rotation.
Therefore, positive rotation seems to be useful for improved
advanced coefficient.

The analysis above is based on the first analysis method,
namely, J to be independent variable and h to be parameters. Fol-
lowing analysis details the second analysis method, that is, h is
an independent variable and J is a parameter.

As depicted in Fig. 4(a) with the increase of the rotation angle h,
under a certain AC J, KT increases linearly. As such each curve can
be approximate to a linear curve fitting. We can obtain the critical
rotation angle hTc through the intercept on the h axis, which means,
when h < hTc, the negative thrust (�T) of the MCP will occur. If the
linear fitting is utilized and each curve is extended to left from the
beginning of h = �5�, the hTc of each curve crosses the h axis within
the range of 8.48� < |hTc| < 61.83�. It can be observed that the |hTc|
Fig. 12. The deformation contours with the r
decreases with the AC J increases, which means with J increase
the rotation angle range narrowed down dramatically. However,
for this work this effect is negligible as the rotation of ARF is rela-
tively narrow range (�5�–5�).

As shown in Fig. 4(b), with a particular value of AC J, 10KQ

increases linearly with the increase of rotation angle h. Analogous
to the thrust on the MCP, the torque will be negative when the
rotation angle h < hQc. And the range of the |hQc| is from 15.16� to
52.03�. However, the actual case for the ARF is from �5� to 5�,
and therefore the negative case will not occur until a very large
rotation angle (h < �15�).

With the increase of the rotation angle h, the efficiency trend of
the MCP can be divided into three cases (Fig. 4(c)):

Case 1: Efficiency decreases at J = 0.3;
Case 2: Efficiency is going up at J = 0.4 and down at 0.5,
Case 3: Efficiency increases at J = 0.6 and 0.7.
otation angles ranging from �5� to +5�.
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It is very obvious that the negative situation will not happen as
the curve trend is relatively mild but one circumstance — J = 0.7.
Under this advance coefficient, the negative value will present
when h reaches to �6� or so, which is very close to �5�.

Further analysis was conducted to explore the thrust of the ARF
(Tf) with the various values of AC J under a certain rotation angle.
The thrust variation curves shown in Fig. 4(d). As shown in Fig. 4
(d), Tf increases linearly with the variation of rotation angle hs at
AC J ranging from0.3 to 0.7. However, the values of the Tf of different
AC Js tend to be the same, especially when h = 4� and 5�. This phe-
nomenon indicates that the Tf at rotation angles h = 4� and 5� is less
sensitive to the change of AC Js, as mentioned in a previous analysis.

5. The structural responses analysis of MCP under
hydrodynamic pressure

For this section, twoaspectswill be analyzed.One is the influence
assessment of the TMcavity of theMCPblade, and theother aspect is
the structure response of the MCP based on the laminate stacking
sequences. Compared with conventional materials for propeller
manufacturing, composite materials have various merits, such as
light weight, low acoustic emission, excellent designability etc.
Fig. 13. The stress distributions with the ro
For the modeling of MCP, it is a big trouble to stack the perfect
MCP blade with TM cavity. Therefore, the suitable simplification is
necessary to be proceeded. The following four parts will demon-
strate the feasibility of our simplification ideas.

For structural analysis the aluminium alloy was selected to
evaluate the influence with and without cavity. The geometry
models are shown in Fig. 5(a) and (b), respectively. For comparison
only one advanced speed 1.08 m/s is considered. The meshed
models of the two propellers are shown in Fig. 5(c) and (d). The
hydrodynamic pressure will be loaded on to the surfaces of the
propeller models from Fluent analysis.

Figs. 6 and 7 shows displacement and stress of with and
without cavity configurations respectively. The maximum dis-
placement in the order of 1 mm both cases and the maximum
stress is round 8 MPa and 15 MPa for without cavity and with
cavity respectively. The maximum stresses levels due to the cav-
ity is insignificant however the remaining area around the cavity
is relatively thinner than other relevant areas. Therefore the cav-
ity is redesigned shown as Fig. 8(a). The stress contour of the
new design is shown in Fig. 8(b), and the maximum value is
about 9 MPa, which seems sound and reasonable compared with
8 MPa.
tation angles ranging from �5� to +5�.
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The structural responses for the blade with/wo cavity are calcu-
lated. The results show that blade without cavity (BWoC) and blade
with cavity (BWC) have the similar structural responses and they
can be replaced with each other (Table 1).

The composite analysis is based on a composite calculation
module ACP PrepPost of ANSYS commercial software. Materials
used is Uni-Directional Carbon Fibres and Epoxy matrix. Table 2
Shows a general material properties. Structural analysis for many
trial laminate configurations were performed and finally 11 mm
thick—[0/90/0/90/0]s configuration was selected. Following load
cases were chosen as they represent the worst case scenarios.

1) For various AC Js at rotation angle being 5�, as the blade with
5�will acquires highest hydrodynamic loads under the same
AC J;

2) The highest thrust and torque of AC J = 1.08 under various
rotation angles h from �5 to +5�.

As shown in Fig. 9, following assumptions have used for struc-
tural modeling process:

1) The ARF of the MCP blade will be unchangeable, with its
rotation angle being 0�;

2) The ARF is a part/area of the blade instead of connecting on
the blade;

3) The slots on the blade represent the gaps between ARF and
blade.

FEA analysis has shown the deformation and strength aspects
for the 2 cases aforementioned. For the first case (Figs. 10 and
11), the maximum stresses of the blade undergo from 27.28 MPa
to 33.15 MPa and the maximum displacements from 0.167 mm
to 0.216 mm. For the second case, shown in Figs. 12 and 13, the
maximum stresses (both negative values and positive values) of
the blade undergo from�7.64 MPa to �32.95 MPa for negative val-
ues and 7.63 MPa to 33.15 MPa for positive values and the maxi-
mum displacements from 0.031 mm to 0.216 mm. The reason to
demonstrate this phenomenon can also attribute to the hydrody-
namics increase with rotation angles. The hydrodynamics increase
will bring about the larger negative and positive stress responses.

6. Conclusions

This paper introduces a novel morphing composite propeller
blade with improved efficiency and less acoustic emission. A
detailed hydrodynamics and structural analysis is presented.
Embracing the morphing concept, several facets of the issues have
been investigated: (1) the MCP system is designed and assembled
with its components designed and optimized. (2) The MCP’s hydro-
dynamic response is critically analyzed. The results shows that
rotation of ARF significantly influence the MCP’s hydrodynamic
response and found the best range of rotation is from �5� to +5�.
The thrust and torque linearly increase and the efficiency varies
with different ACs. The simplified MCP blade is designed with Car-
bon Fibre/Epoxy laminates and found its structural response is as
same as its counterpart metallic materials.
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