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Abstract

Composite materials are increasingly used in hydrodynamic lifting surfaces due to their
higher specific strength and favorable fatigue properties. A set of parametric studies
are performed to investigate the influence of fiber orientation on the vibration char-
acteristics and load-dependent bend-twist coupled behavior of composite hydrofoils in
viscous flow. A 3-D Reynolds-averaged Navier–Stokes (RANS) solver is coupled with a
3-D finite-element method (FEM) to predict the fluid-structure response of cantilevered
composite hydrofoils made of unidirectional carbon fiber reinforced polymer (CFRP).
Fiber orientation changes the modal characteristics of composite hydrofoils, as well as
the hydroelastic response. The bending-up and nose-down material bend-twist cou-
pling leads to lower hydrodynamic load coefficients with increasing flow speed, as well
as delayed separation, stall, and static divergence. The opposite trend is observed when
the fiber orientation results in a bending-up and nose-up material bend-twist coupling.
Material failure index contours show that the fiber orientation affects the location of
failure. These parametric studies provide guidance for future design and optimization
of composite hydrodynamic lifting surfaces.

1 Introduction
According to the Review of Maritime Transport of United Nations Conference on
Trade and Development [1], maritime transport still contributes to more than 80% of
the total world trade. Thus, improving the marine transport efficiency is critical for
global sustainability, as well as for economic worldwide growth. Additionally, increas-
ingly stringent energy efficiency requirements for ships [2] encourages researchers and
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ship builders to look for ways to increase the efficiency of maritime transport. Two
promising ways to address this are to use new materials for the hull and propulsor,
and to use more sophisticated design methodologies, such as multidisciplinary design
optimization [3–13].

Traditionally, marine propellers are made of metallic alloys such as nickel aluminum
bronze (NAB) [9, 14, 15]. NAB has the advantages of high-stiffness, anti-biofouling,
good corrosion resistance in salt water, and high resistance to cavitation erosion. An-
other reason to use NAB is that a great deal of experience and data have been accumu-
lated on its use and properties. However, the performance of metallic structures is now
reaching its limits. Even a well-designed metallic propeller undergoes a noteworthy
efficiency loss when operating at off-design conditions [9].

Thanks to recent advances in fiber-reinforced materials, as well as the development
of reliable high-quality manufacturing processes, we can now take advantage of new
composite materials to improve the efficiency and reliability of marine lifting surfaces.
Composite materials have already been widely used in aerospace and wind energy ap-
plications. Carbon fiber reinforced polymers (CFRPs) have become one of the main
materials in aircraft since their introduction in 1970s [16, 17]. Aeroelastic tailoring via
composite material layup has shown to be capable of increasing the critical divergence
and flutter speed [18]. A more recent work by Brooks et al. [19] showed a reduction
in fuel burn and wing weight when using numerical optimization to design high-aspect
ratio wings with composites. Hayat and Ha [20] showed that adding ply-thickness un-
balance to ply-angle and ply-material unbalances in wind turbine design reduced the
fatigue load and reduced the pitch-actuator duty. Compared to aerospace designs, the
use of composites in marine applications is more challenging due to the much higher
fluid density of water, and the harsher marine environment. Many composite marine
hydrodynamic lifting bodies are based on cantilevered structures, including propellers,
turbine blades, hydrofoils, keels, rudders, and different control surfaces [9, 21]. Com-
posite materials are preferred because of their higher strength-to-weight ratio, which
allows for weight reduction while satisfying the strength requirements, higher damp-
ing for reducing vibration and mitigating noise [22, 23], and self-adaptability through
strategic tailoring of material bend-twist coupling behavior. Isotropic cantilevered
structures experience flow-induced bend-twist coupling when the center of lift does not
coincide with the elastic axis location. In addition to flow-induced bend-twist coupling,
material anisotropy can introduce additional bend-twist coupling that can be used to
passively tailor the hydroelastic response of the composite structures to improve per-
formance [9–11]. Composite materials also have disadvantages, such as complex failure
mechanisms, requirements of advanced manufacturing techniques, and impact damage
followed by water absorption, but we can avoid the relevant negative consequences by
enforcing the appropriate constraints in multidisciplinary design optimization.

Various numerical works have been conducted to investigate the hydroelastic be-
haviors of marine lifting surfaces and optimize the designs. Lin [24] first conducted
a finite-element analysis on a composite propeller blade to estimate its performance.
Recently, a 3-D boundary element method (BEM) has been coupled with a 3-D finite
element method (FEM) for the fluid-structure interaction analysis of adaptive com-
posite marine propellers [10, 11, 25–27]. The 3-D BEM-FEM coupled model is able
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to predict the hydroelastic performance, cavitation or ventilation patterns, stresses,
deformations, vibration characteristics, and potential material failure mechanisms of
composite marine propellers in spatially varying flow. These numerical works showed
that tailoring of anisotropic properties of composites can increase the overall efficiency
and delay cavitation inception of marine propellers compared to metallic counterparts
when operating in a spatially varying wake [10, 11, 25–28]. Plucinski et al. [28] used
the same coupled 3-D BEM-FEM method with genetic algorithms to optimize a multi-
layered composite propeller by minimizing the gap between the optimal operating
angles and the deformed pitched angles over several flow conditions. To find an opti-
mal fiber orientation for reducing the total fuel consumption, Blasques et al. [8] used a
gradient-free optimization algorithm on a BEM-FEM coupled model. They found that
the curved fiber path was more efficient than the straight path. Similarly, experimental
work showed that passive de-pitching action induced by material bend-twist coupling
reduced the tip loading and therefore delayed the cavitation inception [9, 29]. Young et
al. [15] provided experimental measurement and numerical analysis of the performance
of three composite hydrofoils with different orientation for the structural CFRP layers,
and compared their performance to a rigid stainless steel hydrofoil. They concluded
that the material bend-twist coupling had a significant effect on the mode shapes and
modal frequencies, and modified the hydrodynamic forces, the stall boundary, and the
static divergence speed.

Most of the previous work on composite hydrodynamic lifting surfaces used low-
fidelity tools, such as the BEM method, which assumes inviscid and irrotational flow.
Low-fidelity tools are favored due to their low computational cost, but they cannot
capture viscous effects such as separation and stall. Considering viscous effects is crit-
ical to yield a reliable estimation of flow separation and resultant change in pressure
distribution, lift, drag, moment, cavitation inception speed, bend-twist deformations,
vibrations, noise, and material failure. Hence, high-fidelity simulations are required
to capture viscous fluid-structure interaction effects and accurately predict the perfor-
mance of composite marine structures.

Garg et al. [30] developed a framework for high-fidelity design optimization of hy-
drofoils that couples a Reynolds-averaged Navier–Stokes (RANS) solver to a structural
finite element method (FEM) solver. This framework was originally developed for the
design of aircraft wings by Kenway at al. [31, 32] and is called MACH (multidisciplinary
design optimization of aircraft configurations with high-fidelity). It uses a gradient-
based approach with an efficient gradient computation that enables optimization with
respect to large numbers of shape and structural sizing variables. Garg et al. [30] per-
formed the shape optimization of metal hydrofoils considering cavitation and strength
constraints and the optimized design was validated by experiments [33].

The eventual goal of our work is to design adaptive marine lifting surfaces that take
advantage of the tailoring of anisotropic composites using MACH. However, prior to
design, it is crucial that we understand the basic physics that govern the response of
composite hydrodynamic lifting bodies, including its steady-state hydroelastic response
and vibration characteristics. In addition, although MACH has already been used to
perform the design optimization of composite aircraft wings [19, 34], the wing structures
were modeled with shell finite elements, while we require solid composite finite elements
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for modeling hydrofoils because of the thicker sections required to withstand the higher
loads caused by the higher fluid density.

To address the needs and motivation stated above, the objectives of this work
are to (1) develop and verify a high-fidelity hydrostructural solver for the analysis of
the hydroelastic performance and the susceptibility to material failure of composite
hydrofoils in viscous flow, and to predict the relevant free vibration characteristics,
and (2) improve the understanding of load-dependent bend-twist coupling effects on
the hydroelastic performance of composite hydrofoils in viscous flow through numerical
simulations.

2 Methodology
In this work, we implemented an approach to model composite structures with or-
thotropic materials using solid elements in MACH. We then used the MACH framework
to simulate the hydroelastic response of composite hydrofoils with different unidirec-
tional CFRP orientations and to analyze the influence of the fiber orientation on the
response. The geometry of the hydrofoil is generated by pyGeo, which is a CAD-free
python module tool using free-form deformation volume approach [35]. We import the
geometry into ICEM-CFD to generate surface mesh, and use pyHyp to extrude the
surface mesh into a hyperbolic volume mesh.

The computational fluid dynamics solver in MACH is ADflow, a second order finite-
volume solver. ADflow solves the Euler, laminar Navier–Stokes, and RANS equations
on multiblock or overset meshes. Mader et al. [36] and Lyu et al. [37] have enabled
ADflow to compute sensitivities with respect to a large number of variables by imple-
menting an adjoint method, which is critical for gradient-based optimization. In the
current work, the Spalart–Allmaras (SA) [38] turbulence model is used in the RANS
equations. For computational efficiency, we start solving the equations by diagonalized
alternating direction implicit and approximate Newton–Krylov algorithms, and then
switch to Newton–Krylov solver after the residual has reduced below a given tolerance.

The structural solver used in the MACH framework is the Toolkit for the Analysis
of Composite Structures (TACS) [39]. TACS is a parallel, general 3-D FEM solver for
structural analysis that can also compute gradients using an adjoint method. TACS
specializes in solving ill-conditioned thin-shell structures problems, which are common
in aircraft design. However, a solid interior structure is required for hydrodynamic lift-
ing bodies due to the higher fluid loading. Therefore, we implemented solid orthotropic
elements in TACS, more specifically, an 8-node brick element (CHEXA8) to simulate
the response of composite structures using the solid element [40].

We model the composite hydrofoils using the orthotropic material properties, which
require nine independent constants for their stress-strain relationship. When the fibers
are not aligned with global coordinates (Figure 1), a transformation of stress and
strain is required. The final constitutive equations for orthotropic elements in global
coordinates can be found in Appendix A.

The CFD and the structural solvers described above are coupled to predict the
hydrodynamic loads, solid stresses, and deformations for given flow conditions. The
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hydrodynamic loads (pressure and shear stress distributions) computed by ADflow are
transferred to the structural solver using the method of virtual work [32, 41]. The
displacements from the structural solution are extrapolated to the CFD surface mesh
through rigid links [32, 41], and are propagated to the volume mesh using a mesh
deformation algorithm [42].

3 Verification
The CFD solver has already been validated in the work of Garg et al. [30, 43]. Hence,
the objective of this section is to verify TACS for composite structures. We verify the
new solid orthotropic elements in TACS by comparing the predicted modal analysis re-
sults and static pressure deformation results with those obtained using the commercial
solver ABAQUS with 8-noded brick element (C3D8). In the second part, we perform
FEM mesh and CFD mesh convergence studies to determine the appropriate mesh size
to be used.

3.1 Free vibration response and static deformation comparison

To verify the TACS computations, we use the plate model made of unidirectional
CFRP, as shown in Figure 1, where the plate is cantilevered at the left side is fixed.
The material properties for the composite plate are listed in Table 1, which are the
same as the values used in the study by Kramer et al. [21]. The fiber orientation angle
θf is defined relative to the spanwise axis and is positive towards the plate leading
edge, as shown in Figure 1 by the axis labeled ‘2’. Positive values of θf indicate fibers
that are rotated forward relative to the spanwise axis, while negative values indicate
fibers are rotated backward.

Table 1: Composite plate material properties and water properties used to predict the
in-air and in-water natural frequencies shown in Figure 2

.

Symbol Description Value Units
ρs Solid density 1500 Kg/m3

E2 Young’s modulus 171.42 GPa
E1, E3 Young’s modulus 9.08 GPa
G12, G23 Shear modulus 5.29 GPa
G13 Shear modulus 0.28 GPa
ν12, ν23 Poisson’s ratio 0.32 –
ν13 Poisson’s ratio 0.29 –
ρf Fluid density 998 Kg/m3

Kf Fluid bulk modulus 2.2 GPa

In Table 2, we see that the first two in-air natural frequencies of the composite plate
with θf = −30◦ using four different meshes show good agreement between the two FEM
solvers. The fine mesh listed in Table 2 is used for modal analysis for various θf in
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Figure 1: Cantilevered plate (with the fine mesh and dimensions) used for the veri-
fication study. The fixed edge is on the left. Red axes represent global coordinates,
while dark blue axes represent the local coordinate with the fibers aligned along the
2-direction, which is at a positive θf relative to the spanwise axis.

Figure 2. The results shown on the left side of Figure 2 demonstrate good agreement
between TACS and ABAQUS for the first four predicted in-air natural frequencies.
The maximum discrepancy in frequencies for the first in-air mode is 0.9% for θf = 90◦

(i.e, fibers aligned with the streamwise direction), while the maximum discrepancy is
0.8% for the fourth in-air mode.

Table 2: Verification of the in-air natural frequencies for various structural mesh reso-
lutions for a cantilevered plate with θf = −30◦.

Mesh nx ny nz Mode 1 [Hz] Mode 2 [Hz]
ABAQUS TACS ABAQUS TACS

Coarse 48 18 5 49.1 49.4 240.4 238.7
Medium 72 27 7 45.5 45.7 226.9 226.1
Fine 96 36 9 44.1 44.2 221.6 221.1
Finest 120 48 12 43.5 43.5 218.8 218.5

Due to the added mass effect in water, the vibration characteristics can change
substantially. The right side of Figure 2 shows the first four predicted in-water natural
frequencies obtained using ABAQUS. Acoustic elements are used to simulate the water,
and non-reflecting boundary conditions are applied at the edges of the acoustic fluid
domain. The assumed properties for water are listed in Table 1. As shown in Figure 2,
the in-water frequencies of the plate are much lower than the corresponding in-air
frequencies. This is consistent with findings from previous numerical and experimental
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work [9, 15, 21, 44, 45]. The predicted in-air and in-water mode shapes are shown
in Figure 3. The contours represent the scaled displacement amplitude, which is the
magnitude of the scaled displacement vector. Since the displacement amplitude of the
modal analysis results is not physical, the contour scales are for visualization of the
mode shape only. As shown in Figure 3, the first mode is primarily bending, while the
second mode can be bending or twisting, depending on the fiber orientation. Bending
motion is accompanied by a large volume of displaced water, which leads to higher fluid
inertial resistance, causing a greater reduction in natural frequencies when operating in
water. Since the effect of the surrounding fluid is different for bending-dominated versus
twisting-dominated modes, the order of the modes can switch with fiber orientation,
and can be different than that in air. Nevertheless, for the plate shown in Figure 1,
the in-air and in-water mode shapes are similar, and no mode switching is observed.

To further verify TACs, comparisons of the predicted tip bending δtip and tip twist
θtip deformations obtained using TACS and ABAQUS for the plate are shown in Fig-
ure 4. The results correspond to the plate subject to a uniform pressure of 443.5 Pa.
Good agreement is observed between these two FEM solvers. The maximum discrep-
ancy of δtip is 1.87% for θf = 90◦. The maximum difference of θtip is less than 0.0003◦

for θf = 90◦.

3.2 Mesh convergence study for a composite hydrofoil

The previous section verified the new solid composite element formulation in TACS.
The objective of this section is to perform a convergence study to determine the optimal
mesh for the composite hydrofoil to be used to produce our results. We first present
the geometry and material properties of the hydrofoil, followed by FEM and CFD mesh
convergence studies.

3.2.1 Hydrofoil model

For a geometry that is more realistic than a simple cantilevered plate, we use a canonical
linearly tapered hydrofoil composed of unidirectional CFRP with no built-in twist to
study the hydroelastic response. The cross section is a modified NACA 0009 with a
thicker trailing edge than the original section [46]. The hydrofoil has a span of 2b =
0.6 m, a mean chord of c = 0.09 m, and a taper ratio of 0.5, as shown in Figure 5. The
resulting aspect ratio of the hydrofoil is 6.67. The bottom plot in Figure 5 shows the
structural mesh, which has 121,800 elements. Fixed boundary conditions are enforced
at the root. The angle θf is defined relative to the spanwise axis and is positive towards
the foil leading edge. Unidirectional CFRP is used throughout in these studies; its
material properties are listed in Table 3. All computations in the mesh convergence
study are performed with θf = −30◦ unless otherwise stated. All hydrostructural
computations are performed at a Reynolds number of 106 unless otherwise stated.

3.2.2 FEM mesh convergence study

The convergence study results for the predicted in-air natural frequencies are shown
in Table 4. The difference in the third mode frequency between TACS and ABAQUS
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Figure 4: Comparison of the predicted tip bending and tip twist deformations from
ABAQUS and TACS for the composite plate. The deflections are measured at the
mid-chord at the tip.

Table 3: CFRP material properties.

Symbol Description Value Units
ρs Solid density 1540 Kg/m3

E1 Young’s modulus 13.40 GPa
E2 Young’s modulus 117.80 GPa
E3 Young’s modulus 9.40 GPa
G12, G23 Shear modulus 3.90 GPa
G13 Shear modulus 3.30 GPa
ν12, ν23 Poisson’s ratio 0.25 –
ν13 Poisson’s ratio 0.45 –
XT , ZT/ XC , ZC Transverse tensile/compressive strength 50/250 MPa
S12, S23 Shear strength 70 MPa
S13 Shear strength 26 MPa
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Figure 5: Hydrostructural analysis of the CFRP hydrofoil with θf = −30◦ at Re = 106

and α = 6◦. Top: CFD mesh for the cantilevered NACA 0009 hydrofoil with 1,073,520
cells. Bottom: Structural mesh and displacement magnitude contours on the deformed
geometry using with 121,800 8-node linear brick elements.
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is only 0.99%. Increasing the mesh resolution from medium to fine only changes the
third in-air natural frequency by 0.08% in the TACS analysis.

In addition to the in-air natural frequencies predicted using TACS, we present the
structural mesh convergence study by the hydrostructural analysis of the composite
hydrofoil with θf = −30◦ and angle of attack of 2◦. The angle of attack (α) is defined
as the angle between the chord line at the root of the hydrofoil and the free stream, and
is positive when the leading edge is up. A CFD mesh with 4,924,800 cells (y+max = 7.5)
is used in ADflow for all cases. The resultant lift coefficient CL, drag coefficient CD,
pitch moment coefficient CM , non-dimensionalized tip bending deformation 2δtip/c,
and tip twisting θtip are summarized in Table 5. CM is defined about mid chord at the
root and positive nose up. Table 5 shows that the 121,800 element mesh yields a good
balance between computational efficiency and the accurate hydrostructural response
prediction.

Table 4: FEM mesh convergence study for the in-air natural frequencies computed
using 8-node linear brick elements: C3D8 in ABAQUS and CHEXA8 in TACS.

Mesh Elements ny nx nz Mode 1 [Hz] Mode 2 [Hz] Mode 3 [Hz]
ABAQUS TACS ABAQUS TACS ABAQUS TACS

Coarse 73,350 163 50 9 97.5 97.7 412.4 412.7 718.6 710.0
Medium 121,800 203 60 10 97.2 97.3 410.8 411.0 715.8 708.7
Fine 187,100 243 70 11 97.0 97.1 409.9 410.1 714.0 708.1
Finest 271,680 283 80 12 96.9 97.0 409.3 409.4 712.6 707.6

Table 5: FEM mesh convergence study for the hydrodynamic coefficients, tip bending,
and tip twist obtained using TACS coupled with ADflow, for which a mesh of 4,924,800
cells is used.

Mesh Elements CL CD CM 2δtip/c θtip [◦]
Coarse 73,350 0.268 0.0131 0.0635 0.199 2.08
Medium 121,800 0.268 0.0131 0.0637 0.201 2.10
Fine 187,100 0.269 0.0131 0.0635 0.203 2.03
Finest 271,680 0.270 0.0131 0.0639 0.203 2.19

3.2.3 CFD mesh convergence study

The CFD convergence study is completed with five different mesh sizes, as listed in
Table 6. All these results correspond to the same hydrofoil as above, at the same flow
condition (Re = 106 and α = 2◦). The same structural mesh with 187,100 elements is
used in TACS for this study. The results are summarized in Table 6. The difference
between experimental values marked in Figure 6 and the Richardson extrapolation of
the numerical results is partly due to the difference in actual material used in the exper-
iment versus the material assumed in this study. Since our goal is to demonstrate the
capability of the MACH framework to perform coupled hydrostructural analysis with
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composite solid elements, we select the L3 CFD mesh shown in Table 6 to generate the
subsequent results for a good balance between accuracy and computational efficiency.
This mesh has y+max = 10, which is small enough such that no wall function is needed.

Table 6: CFD mesh convergence study of the hydrodynamic coefficients with a constant
FEM mesh of 187,100 elements. The L3 mesh is selected for subsequent analysis
considering the balance between accuracy and computational cost.

Mesh Cells CL CD

L1 8,588,160 0.268 0.0126
L2 4,924,800 0.269 0.0131
L3 1,073,520 0.268 0.0158
L4 615,600 0.263 0.0206
L5 76,950 0.217 0.0648
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4 Results
In the previous section, we verified the convergence characteristics of the FEM and
CFD solvers. We now turn to our main goal, which is to investigate the influence of
fiber orientation on the hydroelastic response of the composite hydrofoils. We first
show results for modal and hydrostructural analyses, and then discuss the influence
of the fiber orientation on the hydroelastic performance. Finally, we discuss the in-
fluence of fiber orientation on the susceptibility to static divergence and to material
matrix/compressive cracking and delamination in tension/compression failures.

4.1 Free vibration response

Understanding how the free vibration response varies with fiber orientation is important
because it sheds light on the stiffness and the material bend-twist coupling behavior,
which in turn affects the hydroelastic performance. In addition, it is important to
understand how the natural frequencies change with fiber orientation to avoid resonance
and other hydroelastic instability issues. Based on the FEM mesh convergence study
of Section 3.2.2, we selected the 121,800 element mesh for all the TACS computations.

The predicted in-air natural frequencies for θf ranging from −90◦ to 90◦ are plotted
in Figure 7 for both TACS and ABAQUS computations. The results from the two
solvers show excellent agreement for all investigated θf .
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Figure 7: First four in-air natural frequencies computed with ABAQUS and TACS for
the cantilevered CFRP hydrofoil (shown in Figure 5) for a range of θf .

The predicted mode shapes from TACS are shown in Figure 8, where the contours
represent the scaled displacement amplitude, and a similar plot for ABAQUS compu-
tations is included in Appendix B. The mode shapes from TACS and ABAQUS are
almost identical. The mode shapes are important because the displacements govern the
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fluid added mass, which has a significant impact on the in-water natural frequencies,
as illustrated earlier in Figure 2.

In Figure 8 we can see that the first modes for all θf are bending-dominated because
of the high aspect ratio of the hydrofoil. When the fibers are oriented away from the
spanwise axis (either forward or backward), the bending rigidity is decreased, which is
evident through the decrease of the first mode frequency with increasing θf in Figure 7.
Similarly, while the second mode for θf = 0◦ is primarily twisting, a combination of
bending and twisting can be observed from the mode shapes for θf 6= 0◦. As |θf |
increases, the bending rigidity weakens to an extent where the second mode becomes
the second bending mode and the third mode becomes the first twisting mode. In
addition, the twist direction is opposite for θf > 0◦ and θf < 0◦, which has direct
implications on the hydroelastic response, as we will see later. For the fourth mode,
when |θf | > 30◦, an in-plane (or lead-lag) mode develops, while second order coupled
bending and twisting is observed for |θf | < 30◦.

Overall, the results in Figures 7 and 8 demonstrate that the natural frequencies and
mode shapes vary significantly with the fiber orientation, suggesting the possibility of
tailoring the fiber orientation to avoid resonant vibrations and tailoring the bend-twist
coupling response to improve the hydroelastic performance.

4.2 Hydrostructural response

As suggested earlier, tailoring the material bend-twist coupling by varying the fiber
orientation has a direct impact on the hydroelastic displacement of composite hydro-
foils. This in turn impacts hydrodynamic loads, drag, lift, flow separation and stall
boundaries, critical static divergence speed, and material failure location.

We compare the results for three different hydrofoils, each analyzed for two different
cases in Figure 9. The three hydrofoils have an identical unloaded geometry and consist
of two CFRP hydrofoils with fibers swept backward (θf = −30◦) and fibers swept
forward (θf = +30◦), and a solid stainless steel hydrofoil. The two conditions are a
fixed angle of attack (α = 10◦), shown on the left of half of Figure 9, and a fixed lift
coefficient (CL = 0.75), shown on the right. For each of these cases, Figure 9 shows the
initial and deformed geometries, streamlines, pressure coefficient contours on the foil
suction side, as well as tip vortex streamlines and spanwise lift distributions for two
flow conditions. The elliptical lift distributions are shown as a reference, since they
represent the theoretical ideal distribution with minimum induced drag.

From Figure 9, we can see that while the stainless hydrofoil exhibits negligible de-
formation, the CFRP hydrofoils are much more flexible. Changing the fiber orientation
effectively moves the elastic axis of hydrofoil, inducing bend-twist coupling. The CFRP
hydrofoil with θf = −30◦ yields bending-up and nose-up bend-twist coupling, while
the one with θf = +30◦ yields bending-up and nose-down bend-twist coupling. Hence,
at α = 10◦, the hydrofoil with θf = −30◦ has a higher lift coefficient than the stainless
steel and θf = +30◦ hydrofoils, because of the higher overall effective angle of attack
caused by the nose-up twist. Excessive effective angle of attack leads to flow separation
and reduction in lift when stall develops. As shown on the left plots in Figure 9, when
α = 10◦ for the for θf = −30◦ hydrofoil, the effective angle of attack is so large that
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1

Figure 9: Deformed shapes, flow streamlines, pressure coefficient contours, tip vortex,
and normalized sectional lift distributions for the CFRP hydrofoils with θf = −30◦(top)
and θf = 30◦(middle) and the stainless steel(bottom) hydrofoil. The initial undeformed
shape (black wireframe) and ideal elliptical lift distribution are provided as reference
here. The left plots show results for α = 10◦. The right plots show results for CL = 0.75.
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the flow is nearly fully separated. On the other hand the flow stays mostly attached
for the θf = +30◦ and stainless steel hydrofoils. Flow separation affects the pressure
distribution, and thus changes the spanwise lift distribution significantly, as shown on
the top of Figure 9.

Lifting surfaces are usually required to yield a specific design lift coefficient, so the
hydrofoils should also be compared at a constant CL. This comparison is shown on the
right side of Figure 9 for CL = 0.75. The CFRP hydrofoil with θf = −30◦, requires the
lowest angle of attack, while the θf = +30◦ requires the highest. This is expected, given
the nose-up and nose-down twist for the −30◦ and the +30◦ hydrofoils, respectively.

To achieve the same CL, the CFRP hydrofoil with θf = −30◦ effectively unloads the
root to counter the higher loading at the tip. Therefore, the center of lift moves towards
the tip for the hydrofoil with θf = −30◦, which leads to a higher bending moment and
also a higher induced drag. The opposite trend is observed for the CFRP hydrofoil
with θf = +30◦. The strength of the tip vortex is correlated to the pressure difference
between suction side and pressure side at the tip, i.e., the tip loading. Therefore,
the CFRP hydrofoil with θf = −30◦ experiences the strongest tip vortex, while the
hydrofoil with θf = +30◦ has the weakest tip vortex, which is also suggested by the
streamlines near the tip. Thus, at the same lift condition, the CFRP hydrofoil with
θf = +30◦ has a lower lift induced drag compared to the stainless steel hydrofoil due
to the weaker tip vortex.

For rotating propeller blades, the tip experiences the highest velocity compared to
other parts of blade at a given RPM as it is farthest from the shaft. Hence, the high local
velocity at the tip makes it susceptible to tip vortex cavitation. If the effective angle of
attack is high at the tip, the likelihood of tip vortex cavitation increases, which can in
turn lead to flow-induced vibrations, noise, as well as blade surface erosion. Therefore,
as shown in Figure 9, the CFRP hydrofoil with θf = −30◦ is more susceptible to tip
vortex cavitation compared to other two hydrofoils.

4.3 Force coefficients and deformation

To show the bend-twist coupling effects of the different materials on the steady-state
hydroelastic performance, we show hydrostructural analysis results for the composite
hydrofoils with different CFRP orientations for angles of attack ranging from 0◦ to
12◦ (Figure 10). Bending towards the suction side is defined as positive and nose-up
twisting is defined as positive, as shown in Figure 9. Results for the tip bending are
non-dimensionalized by half the mean chord, so it is shown as 2δtip/c.

The stainless steel hydrofoil is practically rigid, as made obvious by the negligible
tip bending (δtip) and tip twisting (θtip) deformations. For the θf = 0◦ hydrofoil, there
is some coupling between upwards bending and nose-up twist. The material bend-twist
coupling is zero, but there is flow-induced bend-twist coupling caused by the fact that
the chordwise center of lift is upstream of the elastic axis. Based on the tip bending and
twisting results shown in Figure 10, we can see that while all the hydrofoils undergo
upwards bending due to lift, the hydrofoils with θf > 0◦ undergo negative tip twist
(nose-down), while those with negative θf experience positive tip twist (nose-up).

Changes in the curves of CL and CM from the initial linear line can be good in-
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Figure 10: Hydrostructural simulation results of force coefficients and deformations for
CFRP hydrofoils with different fiber orientations and the stainless steel hydrofoil. Neg-
ative θf hydrofoils see earlier reduction in lift and moment slope due to flow separation
when compared to the positive θf and the stainless steel (rigid) hydrofoils.
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dicators of flow separation and stall. When the slopes of the CL and CM versus α
start to decrease, that is an indication that separation occurs. The decrease in CL

and CM suggests stall. In Figure 10, the slopes of CL and CM curves in the pre-stall
region decrease when the θf is increased from −30◦ to +30◦ because of the reduction in
effective angle of attack caused by the nose-down twist. The results also show that the
slopes of the CL and CM curves for the −30◦ hydrofoil deviate from the linear trend
earlier than the other hydrofoils, suggesting earlier flow separation. The same trend is
found in experimental results of Young et al. [15].

As shown in Figure 10, no lift stall is observed for all hydrofoils within the inves-
tigated α range, but pitch moment stall is observed for hydrofoils with θf ≤ 0◦ as
shown by the decreases of CM . Note that the CM slope decays prior to the CL slope
because CM depends on CL and the distance between the center of pressure and the
elastic axis. The center of pressure moves towards the midchord as flow separates on
the suction side, leading to a rapid reduction in CM . The separation for θf = −30◦

happens at α = 6◦, while for θf = −15◦, the separation starts at α = 8◦. No separa-
tion is observed below α = 12◦ for the hydrofoils with θf > 0◦ and the stainless steel
hydrofoil, indicating delayed flow separation. This observation is consistent with the
streamlines shown in Figure 9.

The drag coefficient, CD, consists of three components: skin friction drag, form
drag, and lift induced drag. Since the lift is higher for θf < 0◦ at the same α, the
lift induced drag increases for θf < 0◦ and the form drag is higher because of the
higher effective angle of attack, both leading to higher total drag. Notice that CD

increases substantially when flow separates, and hence much higher CD is observed for
the θf = −30◦ hydrofoil for α > 6◦.
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Figure 11: Hydrodynamic efficiency CL/CD versus CL for various hydrofoils based on
hydrostructural simulations.

As previously mentioned, the fair way to compare the drag or efficiency of different
hydrofoils is to compare the performance at the same lift condition. Figure 11 compares
the efficiency between different θf by plotting CL/CD versus CL. The hydrofoils with
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θf > 0◦ have higher efficiency than θf < 0◦. From Figure 11 we can see that the
highest efficiency corresponds to θf = +30◦, while the lowest efficiency corresponds to
θf = −30◦. The slopes and curvature of the streamlines in Figure 9 show that, at the
same flow condition, the tip vortex for the stainless steel hydrofoil is stronger than that
for the CFRP hydrofoil with θf = +30◦, which is responsible for the lower efficiency
for the stainless steel hydrofoil compared to the CFRP hydrofoil with θf = +30◦.

4.4 Load-dependency

To illustrate the load dependency, we show hydrostructural analysis results of two
different CFRP hydrofoils in Figure 12 under different loading conditions, with inflow
velocity U ranging from 7.9 m/s to 11.4 m/s and α ranging from 0◦ to 12◦. Note that
the Reynolds number increases linearly with the inflow velocity.
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Figure 12: The load-dependency induced by bending-up and nose-down coupling effect
for the θf = +30◦ leads to decreasing moment coefficient with increasing inflow velocity,
while the opposite trend is observed for the CFRP hydrofoil with θf = −30◦. The
velocity dependency is smaller for the CFRP hydrofoil with θf = +30◦.

Different fiber orientations show distinct load-dependent effects. Increasing U re-
duces the resultant force coefficient because of the greater nose-down twist for the
CFRP hydrofoil with θf = +30◦, while the opposite trend is observed for the CFRP
hydrofoil with θf = −30◦. For the CFRP hydrofoil with θf = −30◦, the bending-up
and nose-up bend-twist coupling acts to increase the effective angle of attack together
with the flow-induced nose-up twist, resulting in higher lift and moment coefficients
with higher U . As a result, the CFRP hydrofoil with θf = −30◦ is more susceptible
to flow separation and static divergence. In contrast, for the +30◦ hydrofoil, the nose-
down twist induced by material bend-twist coupling is greater than the nose-up twist
induced by the flow, and hence the net tip twist observed in Figure 12a is negative.
The opposite direction of twist induced by the flow and material is responsible for
the smaller U dependency for the θf = +30◦ hydrofoil compared to the θf = −30◦

hydrofoil. In addition, since the increased load induced by higher U is offset by the
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decreased effective angle of attack for the CFRP hydrofoil with θf = +30◦, it is not
susceptible to static divergence for nominal inflow.

4.5 Susceptibility to static divergence

Static divergence occurs when the fluid disturbing moment is equal to or exceeds the
structural elastic restoring moment, at which point the deformations theoretically goes
to infinity. However, in practice material failure occurs before static divergence. Nev-
ertheless, it is critical to predict the static divergence speed to avoid material failure
or excessive deformation.

Following Fung [47], Liu and Young [26] introduced a linear relationship between
α/θtip and 1/q using a theoretical model given by

α

θtip
= qD

(
1

q
− 1

qD

)
, (1)

where q = 1/2ρfU
2 is the dynamic pressure, and qD = 1/2ρfUD

2 is the critical static
divergence dynamic pressure.

However, they did not consider the spanwise variation of the twist. To consider the
spanwise twist distribution, we incorporate a factor that relates the 3D spanwise twist
distribution to the 2D twist. To derive this factor, we approximate the non-dimensional
spanwise twist shape function (θ̄ = θ/θtip) as

θ̄(ȳ) =
1

2
+

1

2
sin
(
πȳ − π

2

)
, (2)

where ȳ = y/b is the non-dimensionalized spanwise location. This approximation was
obtained by considering the boundary conditions, θ̄(0) = 0, θ̄′(0) = 0, θ̄′(1) = 0. The
comparison between the assumed twist distribution θ̄(ȳ) and the numerical results are
shown in Appendix C. Integration of the twist shape function θ̄, from ȳ = 0 to ȳ = 1,
yields a factor of 0.5. Therefore, the Equation (1) becomes

α

0.5θtip
= qD

(
1

q
− 1

qD

)
. (3)

The detailed derivation considering the spanwise dependence is shown in Young et
al.[15], where they used 2/π as the factor. When the inflow velocity U approaches
the critical divergence speed UD, q = qD and α/0.5θtip → 0, which implies θtip → ∞.
To study the susceptibility to static divergence, we use the hydrostructural simulation
results to fit the linear relationship to find the critical divergence dynamic pressure, as
shown in Figure 13.

The predicted critical divergence dynamic pressures and calculated divergence speeds
are summarized in Table 7. At nominal inflow conditions, orienting fibers towards the
trailing edge (θf < 0◦) accelerates susceptibility to divergence due to the increasing
effective angle of attack with higher loads [15]. This prediction is consistent with the
discussions in Sections 4.2 and 4.3. When the fibers are oriented towards the leading
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Figure 13: α/0.5θtip versus 1/q for a range of flow conditions. For positive angle
of attack α, sweeping the fiber orientation backward increases the susceptibility to
divergence for nominal inflow conditions.

edge (θf > 0◦), the divergence dynamic pressures are non-existent (negative), which in-
dicates the foil is not susceptible to static divergence at the nominal inflow conditions.
However, divergence is still possible for reverse inflow, which can occur for propellers
in the crash back condition and tidal turbines during tidal reversal [15].

Table 7: Predicted divergence speeds for composite hydrofoils.

θf [◦] −30◦ −15◦ 0◦ +15◦ +30◦

qD [N/m2] 1.7× 105 2.4× 105 4.3× 105 −6× 105 −3.1× 105

UD [m/s] 18.5 22.4 29.5 – –

4.6 Failure index contour

Since realistic composite structures have complex layups and require complicated man-
ufacturing techniques, it is hard to perform failure analysis on composite structures.
There exist many different material failure mechanisms for composite structures, which
require appropriate mechanistic material failure prediction models [48]. Here, we use
the tensile/compressive matrix cracking criterion proposed by Hashin [49] and the de-
lamination in tension/compression criterion proposed by Ye [50] to evaluate the failure
susceptibility and locate the region of failure.

The matrix tensile/compressive cracking failure is defined as,

IM =

(
σ11
XT

)2

+

(
σ12
S12

)2

+

(
σ23
S23

)2

,when σ11 > 0 (4)
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IM =

(
σ11
XC

)2

+

(
σ12
S12

)2

+

(
σ23
S23

)2

,when σ11 < 0 (5)

while the delamination in tension/compression is defined as,

ID =

(
σ33
ZT

)2

+

(
σ13
S13

)2

+

(
σ23
S23

)2

,when σ33 > 0 (6)

ID =

(
σ33
ZC

)2

+

(
σ13
S13

)2

+

(
σ23
S23

)2

,when σ33 < 0 (7)

where {σ}ij = [σ11, σ22, σ33, σ23, σ13, σ12]
T represents stress components in the local

material coordinates shown in Figure 1. XT/XC is the transverse tensile/compressive
strength in 1-direction shown in Figure 1. ZT/ZC is the transverse tensile/compressive
strength in 3-direction. Sij represent the shear strengths.

Figure 14 shows the matrix tensile/compressive cracking failure index IMT and
delamination in tension/compression index ID for the CFRP hydrofoils with θf = −30◦

and θf = +30◦ at CL = 0.75. Since the material failure is most likely to happen in
tension, the failure index contours on the pressure sides are shown. For both hydrofoils,
there are large areas that IM exceeds the critical failure value 1, which suggests the
occurrence of material failure. However, since we only model a single CFRP layer
and this material layup is hardly used in a structure manufacturing, the stress is not
representative for a real design and thus the failure criteria index values are not realistic
here. When subject to loads that are not along the principal axis, the single layer of
CFRP can easily fail due to its anisotropic properties. In addition, the use of the
fixed boundary condition induces a significant stress concentration at the root without
proper fillets. Nevertheless, we can still see from the failure contours in Figure 14 that
the two CFRP hydrofoils have different failure locations. The bending-up and nose-up
bend-twist coupling causes higher combined stress near the leading edge at the root
for the CFRP hydrofoil with θf = −30◦. The bending-up and nose-down bend-twist
coupling causes higher combined stress near the trailing edge at the root for the CFRP
hydrofoil with θf = 30◦, as shown in Figure 14.

5 Conclusions
The objectives of this work are to develop and verify the composite finite-element imple-
mentation in a high-fidelity hydrostructural solver and to improve the understanding of
load-dependent bend-twist coupling effects on the hydroelastic performance of compos-
ite hydrofoils in viscous flow through numerical simulations. We extended a previous
developed MACH framework to simulate the performance of composite hydrodynamic
lifting surfaces by adding orthotropic solid elements in the FEM solver TACS. The
verification study showed good agreement between predictions from TACS and the
commercial FEM solver ABAQUS. By coupling TACS with a RANS solver, MACH is
able to capture viscous fluid-structure interaction response, including flow separation
and the tip vortex, as well as the susceptibility to structural failure. The model used
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Figure 14: Matrix tensile/compressive cracking failure index and delamination in ten-
sion/compression failure index contours on the pressure sides for the unidirectional
CFRP hydrofoils with θf = −30◦ and θf = 30◦. The deformations are multiplied by a
factor of two to make them more apparent.

for simulation in this work was a cantilevered hydrofoil with a modified NACA 0009
cross section and a linearly tapered planform with no sweep.

We first studied the influence of fiber orientation on the free vibration response. We
showed by modal analysis that changing the fiber orientation of the CFRP layer altered
the mode shapes and the natural frequencies of the hydrofoils, which was caused by the
change in the bending stiffness, torsional stiffness, and bend-twist coupling. The first
modes for all fiber orientations were bending-dominated, because of the high aspect
ratio. The second modes were twist-dominated when the fibers were oriented along the
spanwise axis, but were changed to bending-dominated when the fibers were oriented
away from the spanwise axis (either forward or backward). This change in the second
mode was due to the decrease in bending rigidity. The changes in the mode shapes
further complicate their effect on the added mass, which depends on the displacement
direction in addition to the fluid density. As demonstrated by the modal analysis of
a composite cantilevered plate, the in-water natural frequencies are much lower than
the in-air natural frequencies because of the fluid added mass effect. Therefore, it is
important to consider the influence of fiber orientation on the modal characteristics
and resulting change in natural frequencies to avoid resonant vibration issues.

We then performed hydrostructural simulations for hydrofoils with different fiber
orientations to investigate how the fiber orientation affected the steady-state hydroe-
lastic response and thus efficiency, divergence boundary, and structural failure. The
results show that hydrofoils with fibers oriented toward the foil leading edge resulted
in bend-twist coupling with a nose-down deformation, which led to lower hydrody-
namic load coefficients with increasing flow speed. The opposite trend was observed
for fibers oriented toward the foil trailing edge, which resulted in nose-up deformation.
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In addition, orienting the fibers towards the leading edge attenuated the tip vortex and
delayed flow separation by reducing the effective angle of attack at the tip, which led to
a higher efficiency. The reduced effective angle of attack also correlated with delayed
separation and stall. The comparison of force coefficients showed that the hydrofoils
with fiber oriented towards the leading edge delayed the reduction in the CM -α slope.
Reductions in the slope of CL and CM versus α indicate the onset of flow separation.
Of the two, CM is more sensitive to separation, as it is dependent on both CL and the
center of pressure.

We also compared the load-dependencies of two hydrofoils with opposite fiber orien-
tations to show the difference in the responses to increasing inflow velocity. Increasing
the inflow velocity caused more nose-down twist for the hydrofoils with fiber oriented
towards the leading edge. As a result, the effective angle of attack was further de-
creased to offset the effect of increasing inflow velocity. On the other hand, for the
hydrofoils with fibers oriented towards the trailing edge, the effective angle of attack
kept increasing with higher inflow velocity, making it more susceptible to flow separa-
tion, stall, and static divergence. We predicted the divergence speed by extrapolating
the static hydrostructural simulation results. The prediction showed that the criti-
cal divergence speeds for hydrofoils with fibers oriented towards the trailing edge are
much lower than the hydrofoil with fiber aligned with spanwise axis (θf = 0◦), and the
hydrofoils with fibers oriented towards the leading edge are not susceptible to diver-
gence considering the nominal inflow direction. Finally, we showed the comparison of
material matrix tensile/compressive cracking and delamination in tension/compression
index contours. The fiber orientation affected the failure location.

This paper showed that our aerostructural analysis framework is able to predict the
steady-state hydroelastic response of composite hydrofoils in viscous flow. This frame-
work can be used for design optimization of composite hydrodynamic lifting surfaces
in the future. Adding the properties of composite materials as design variables, such as
the fiber orientation, helps to modify the dynamic characteristics and further improve
the efficiencies of hydrodynamic lifting surfaces, and avoid different failure modes. The
analysis results presented in this work will also guide future design optimization prob-
lems. As for the limitation on the failure prediction, we plan to consider more thorough
materials properties and composite layups, and improve the modeling of the boundary
condition in the future to yield more accurate stresses and failure indices.
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Appendix A Constitutive Equations
The final constitutive equations for orthotropic elements in global coordinates are writ-
ten as, 

σxx
σyy
σzz
σyz
σxz
σxy

 =



C11 C12 C13 0 0 C16

C12 C22 C23 0 0 C26

C13 C23 C33 0 0 C36

0 0 0 C44 C45 0
0 0 0 C45 C55 0
C16 C26 C36 0 0 C66




εxx
εyy
εzz
εyz
εxz
εxy

 (1)

Using the fiber orientation (θf) defined relative to the y-axis, which is defined as positive
when pointing towards the leading edge, the individual components of the [C] can be
described as,

C11 = m4C11 + 2m2n2 (C12 + 2C66) + n4C22

C12 = n2m2 (C11 + C22 − 4C66) +
(
n4 +m4

)
C12

C13 = m2C13 + n2C23

C16 = nm
[
m2 (C11 − C12 − 2C66) + n2 (C12 − C22 + 2C66)

]
C22 = n4C11 + 2m2n2 (C12 + 2C66) +m4C22

C23 = n2C13 +m2C23

C26 = nm
[
n2 (C11 − C12 − 2C66) +m2 (C12 − C22 + 2C66)

]
C33 = C33

C36 = mn (C13 − C23)

C44 = m2C44 + n2C55

C45 = mn (C55 − C44)

C55 = n2C44 +m2C55

C66 = n2m2 (C11 − 2C12 + C22) +
(
n2 −m2

)2
C66,

(2)

where m = cosθf, n = sinθf, θf is the fiber orientation angle in radians. The angle θf is
the angle between the fiber orientation and y-axis, as shown in Figure 1. The original
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stiffness components {C}ij are,

C11 =
1− ν23ν32
E2E3D

C12 =
ν21 + ν23ν31
E2E3D

C13 =
ν31 + ν21ν32
E2E3D

C22 =
1− ν13ν31
E2E3D

C23 =
ν32 + ν12ν31
E1E3D

C33 =
1− ν12ν21
E1E2D

C44 = G23

C55 = G13

C66 = G12

D =
1− ν12ν21 − ν23ν32 − ν13ν31 − 2ν21ν32ν13

E1E2E3

,

(3)

where E1, E2, and E3 are the Young’s moduli in 1, 2, and 3 directions, respectively,
Gij represents the shear modulus, and νij are the Poisson’s ratios.

Appendix B Mode Shapes of Composite Hydrofoils pre-
dicted using ABAQUS
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Appendix C Normalized Spanwise Twist Distribution

0 0.2 0.4 0.6 0.8 1

y=b [-]

-0.2

0

0.2

0.4

0.6

0.8

1

N
or

m
al
iz
ed

tw
is
t
[-
]

CFRP !30/

CFRP !15/

CFRP 0/

CFRP +15/

CFRP +30/

0.5+0.5sin(:7y-:/2)

Figure C.1: Normalized spanwise twist distribution for five CFRP hydrofoils compared
to the approximation given by Equation 2.
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