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Abstract
In the last decade, there has been an increased interest in the use of multidisciplinary optimization techniques for the design of aerospace, maritime, and wind engineering systems. However,
validation of numerically optimized results using experimental measurements has been scarce. In
this paper, numerical predictions are compared with experimental measurements of the hydrodynamic forces, deformations, and cavitation performance for a baseline NACA 0009 hydrofoil and
an optimized hydrofoil. Both hydrofoils are made of solid aluminum, and are cantilevered at the
root. One of the hydrofoils is optimized using a high-fidelity hydrostructural solver combined with
a gradient-based optimizer, as detailed by Garg et al. [1]. The numerical predictions agree well
with experimental measurements for both the baseline NACA 0009 and the optimized hydrofoils.
For the optimized hydrofoil, the mean differences between the predicted and measured values for
mean lift, drag coefficient, and moment coefficients, are 2.9%, 5.1%, and 3.0%, respectively. For
the non-dimensional tip bending deflection, the mean difference is 3.4%. Although the optimized
hydrofoil is significantly thicker to withstand higher loads than the baseline, it yields an overall
measured increase in the lift-to-drag ratio of 29% for lift coefficients ranging from ´0.15 to 0.75
and exhibits significantly delayed cavitation inception compared to the baseline. The improvement
in hydroelastic and cavitation performance is attributed to the changes in the distribution of camber, twist, thickness, and the leading edge radius of the optimized hydrofoil. The results validate
the analysis and optimization of the high-fidelity hydrostructural design optimization approach,
and opens up new possibilities for the design of high-performance hydrofoils, marine propellers,
and turbines.
Keywords: Experimental, Numerical, High-fidelity Hydrostructural, Multidisciplinary design
optimization, Fluid-structure interaction, Cavitation

Nomenclature
α

Geometric angle of attack [deg]
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νs

Solid Poisson’s ratio

ρs

Solid density [kg/m3 ]

σ

Cavitation number,

σv

Maximum von Mises stress [MPa]

σs,f

Fatigue strength [MPa]

σy

Yield strength [MPa]

a

Speed of sound in the fluid [m/s]

c

Hydrofoil mean chord [m]

CD

Drag coefficient, CD “

CL

Lift coefficient, CL “

σ“

Pref ´ Pvap
0.5ρf U 2

D
0.5ρf U 2 sc

L
0.5ρf U 2 sc

CL {CD Lift-to-drag ratio or hydrodynamic efficiency
CM

Pitching moment coefficient, CM “

Cp

Pressure coefficient,

Cp “

M
0.5ρf U 2 sc2

Plocal ´ Pref
0.5ρf U 2

KSσv Non-dimensional aggregated stress constraint
Plocal Local fluid pressure [Pa]
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Pref

Reference upstream hydrostatic pressure [Pa]

Pvap

Saturated vapor pressure of the fluid [Pa]

Re

Reynolds number, Re “ U c{νf

s

Hydrofoil span [m]

tmax

Local maximum hydrofoil thickness [m]

tmax {c Maximum thickness-to-chord ratio
U

Inflow velocity [m/s]
d
Pref ´ Pvap
[m/s]
0.5ρf Cpmin

Ucav

Cavitation inception speed, Ucav “

Acav

Non-dimensional aggregated cavitation constraint

Aref

Reference hydrofoil area [m2 ]
2
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Recently, there has been an increased interest in the use of multidisciplinary optimization
(MDO) techniques [2] for maritime applications, including the design of advanced material hulls [3,
4, 5, 6], and marine propulsors [7, 8, 9, 10]. However, experimental validation of optimized designs
has been limited. When using MDO, it is well known that numerical optimization will exploit any
weakness in the numerical model, the optimization problem formulation, or both. Therefore, to
obtain practical engineering designs, it is necessary to validate numerical predictions with experimental measurements [11]. Moreover, it is also important to understand the design changes that
lead to the performance improvement to facilitate future designs.
Garg et al. [1] performed the first high-fidelity hydrostructural design optimization with respect to large numbers of shape variables. The hydrostructural solver coupled a Reynolds-averaged
Navier–Stokes (RANS)-based solver with a finite element analysis (FEA) solid solver to account
for the interdependent fluid-structure interaction response. The solver was combined with a gradientbased optimization algorithm, and they used a coupled-adjoint approach [12, 13] to compute the required gradients efficiently. The combination of numerical techniques enabled efficient hydrostructural shape optimization with respect to over 200 shape design variables while enforcing cavitation
constraints, structural failure constraints, and manufacturing tolerances to achieve a practical engineering design. The optimization is for a canonical hydrofoil or a rudder that is expected to
operate over a wide range of loading conditions. For practical applications, the objective function
and design constraints vary depending on the specific application. Since this is an academic study
with no specific target application vessel, the objective function we applied in the multipoint optimization is based on the typical desire to minimize drag, avoid cavitation, and ensure structural
integrity. The assumed range of operating conditions is very broad, with lift coefficients ranging
from -0.15 to 0.75, and the most frequent operating condition corresponds to a lift coefficient of
0.65. Garg et al. [1] found that the hydrostructural optimization lead to completely different optimized geometry than the hydrodynamic-only optimized design, and that only the hydrostructural
optimized design satisfied the structural stress constraints at high loading conditions. However,
they validated the hydrostructural solver against the experimental measurements for the baseline
aluminum NACA 0009 hydrofoil only, and not for the optimized hydrofoil.
Various experimental studies of non-optimized (canonical or baseline) flexible hydrofoils and
propellers in cavitating and sub-cavitating flows can be found in the literature [14, 15, 16, 17, 18,
19, 20]. However, experimental validation studies of numerically optimized marine lifting bodies
has been very limited. Lin et al. [7] carried out one of the first published experimental studies of
optimized composite propellers. They performed experimental studies in a cavitation tunnel for
three composite DTNSRDC 4498 propellers with different stacking sequence of fiber reinforced
plastic (FRP) layers: 1) the original propeller geometry with quasi-isotropic stacking sequence, 2)
the original propeller geometry with the optimized stacking sequence, obtained using genetic algorithm [21, 22], and 3) a pre-deformed propeller geometry with the optimized stacking sequence.
The optimized propeller was designed to have a torque coefficient equal to that of the original
propeller geometry at a design advance coefficient of J “ 0.889. However, the experimental data
showed that the design torque was not met at this advance coefficient for the original propeller
geometry with the optimized stacking sequence. Results also showed poor agreement between
the experimental measurements and numerical predictions using a steady-state boundary element
method solver coupled with the commercial finite element solver ABAQUS for all the three pro3
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pellers. They also did not consider structural integrity or cavitation in the optimization study, and
structural performance was not reported in the experimental study. Recently, Herath et al. [23, 24]
used a genetic algorithm to optimize a composite hydrofoil for the layup sequence. The objective
function was to achieve the ideal required change in twist under the difference in pressure caused
by the change in angle of attack and the choice of the material layup sequence. The experimental results showed that the optimized hydrofoil maintained a higher lift-to-drag ratio around its
operating point compared to the baseline hydrofoil. However, Herath et al. [23, 24] did not optimize the geometric shape of the hydrofoil and also did not consider cavitation performance nor the
maximum stress constraints.
In the current paper, we address the need for more experimental verification of coupled hydrostructural design optimization results by presenting the first experimental study of the hydroelastic and cavitation performance for both the baseline NACA 0009 hydrofoil and the multipoint
hydrostructural optimized hydrofoil across a wide range of lift conditions. The goals of this work
are to: 1) validate the high-fidelity multipoint hydrostructural design optimization with experimental measurements; and 2) highlight the reason for significant improvement in performance by the
optimized hydrofoil.
The remainder of this paper is organized as follows. We start by briefly summarizing the numerical methodology and optimization problem formulation used to obtain the coupled hydrostructural optimized hydrofoil in Sections 2 and 3. In Section 4, we describe the experimental setup
and techniques, including the hydrofoil geometry. Section 5 compares the modal shapes and frequencies of the baseline and the optimized hydrofoil. Section 6.1 focuses on the numerical results
from the multipoint hydrostructural optimization, while Section 6.2 compares the predicted and
measured hydroelastic and cavitation performance of the baseline and the optimized hydrofoils.
Finally, our findings are summarized in Section 7.
It should be noted that while the baseline and optimized hydrofoil geometries are the same
as shown in Garg et al. [1], the numerical results shown in this work are generated using a much
finer fluid and structural mesh than those used in [1]. The finer mesh are found to be necessary for
accurate comparison with experimental measurements, particularly in the drag predictions. Hence,
we present the predicted results with the finer mesh along with the experimental measurements for
the baseline and the optimized hydrofoil.
2. Numerical Methodology
The hydrostructural optimization framework used in this work is extended from previously
developed framework, MACH (MDO of Aircraft Configurations with High-fidelity) [13, 25, 26].
The details of the hydrostructural framework are described previously by Garg et al. [1], but they
are summarized here for completeness.
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2.1. CFD Solver
The CFD solver used is ADflow, which is a 3-D finite-volume, cell-centered multi-block solver
for the compressible flow equations [27]; and can compute the gradients using an adjoint method.
The RANS equations with the Spalart–Allmaras (SA) [28] turbulence model are used for the work
herein. A low-speed preconditioner was previously implemented in ADflow to solve hydrodynamic problems involving nearly incompressible flows for Mach numbers as low as 0.01 [29, 30].
An aggregated non-dimensional cavitation constraint was implemented previously [1]. We only
4

placed a constraint in the optimization to avoid cavitation by ensuring that the predicted total absolute pressure is greater than the saturated vapor pressure, but there is no cavitation model to
simulate the evolution of cavitation. The Jameson–Schmidt–Turkel [31] scheme augmented with
artificial dissipation is used for spatial discretization. An explicit multi-stage Runge–Kutta method
is used for the temporal discretization.
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2.2. Structural Solver
The structural solver used in the MACH framework is the Toolkit for the Analysis of Composite
Structures (TACS) [32]. TACS is a parallel, general 3-D FEA solver for structural analysis that can
also compute gradients using an adjoint method, making the cost of the gradient calculation nearly
independent of the number of structural design variables. The stress constraint is computed using
the Kreisselmeier–Steinhauser (KS) constraint aggregation technique [33, 34], which provides a
conservative estimate of the maximum stress in a smooth and differentiable manner.
2.3. Fluid-Structure Coupling Algorithm
The CFD and the structural solvers described above are coupled to predict the hydrodynamic
loads, solid stresses, and deformations for a given flow condition. The hydrodynamic loads (pressure and shear stresses) computed by ADflow are transferred to the structural solver, and the displacements from the structural solver, in turn, dictate the CFD mesh movement. Rigid links are
used to extrapolate the displacements from the structural surface to the CFD surface. The integration of the forces is performed on the CFD mesh, and the forces are then transferred to the
structure through the rigid links. The details of the load and displacement transfer scheme used in
the hydrostructural optimization can be found in Brown [35] and Kenway et al. [13].
To solve the coupled hydrostructural equations, the hydrodynamic analysis is first partially
converged, and the forces are evaluated. These forces are then transferred to the structural analysis,
and the corresponding displacements are computed. Thereafter, the displacements are transferred
back to the hydrodynamic analysis, the geometry and the corresponding mesh is deformed, and a
new CFD solution is found. This iterative loop continues until the coupled convergence criterion
is satisfied (when the relative decrease in both the aerodynamic and structural residuals compared
to the free-stream values is less than 10´5 ).
2.4. Geometry Perturbation Algorithm
The free-form deformation (FFD) volume approach was used to parameterize the geometry [13]. To obtain a more efficient and compact set of geometric design variables, the FFD volume
approach parameterizes the geometric changes rather than the geometry itself. All the geometric
changes are performed on the outer boundary of the FFD volume. Changes to this outer boundary
modify the objects embedded in the volume, including the hydrofoil and the structural mesh, and
hence will affect the structural performance in addition to the hydrodynamic performance.
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2.5. Optimization Algorithm and Adjoint Gradient Computation
As explained previously [1], we used the gradient-based optimization algorithm SNOPT (sparse
nonlinear optimizer) [36] to increase the computational efficiency by minimizing the number of
function evaluations (i.e., the high-fidelity hydrostructural solutions) for cases with a large number
of design variables. SNOPT utilizes a sequential quadratic programming algorithm, and is capable

5

of solving large-scale nonlinear optimization problems with thousands of constraints and design
variables.
An aggregation approach is required to reduce the dimensionality of the stress and cavitation
constraints so that the adjoint method is advantageous, as explained in previous work [34, 1].
3. Optimization Problem Formulation
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The numerical model presented in this work is similar to the one presented earlier by Garg et
al. [1], except that much finer CFD and FEM meshes are used in this paper. The fluid and structural
grid convergence study for the case is already presented earlier in Garg et al. [1]. The geometry
is a cantilevered NACA 0009 hydrofoil made of solid aluminum. Figure 1(a) represent the CFD
mesh used in this paper. The CFD mesh is a structured O-grid with 4,124,160 cells and y ` “ 0.9.
The domain size is 30 chord lengths in all directions.
Figure 1(b) shows the structural mesh used for the optimization and the validation results. The
structural mesh has 179,200 linear 8-node brick elements, with 9 elements along the thickness
direction, 80 elements in the chordwise direction, and 240 elements in the spanwise direction.

6

(a) CFD mesh and geometry

(b) Structual mesh

(c) Hydrofoil mounting arrangement for the baseline and the optimized hydrofoils.
Figure 1: Baseline cantilevered NACA 0009 hydrofoil and the hydrofoil mounting arrangement. Figures (a) and (b)
illustrate the CFD and FEA mesh, respectively, used in the predictions shown in this work. Figure (c) illustrates the
hydrofoil mounting set up, and the difference between the loaded span length (300 mm) and the structural span length
(320 mm).

7

Table 1: Hydrofoil design optimization problem.

minimize

Function/ variables Description
C̄D
Weight-averaged drag coefficient

with respect to x

subject to

FFD control points
Twist design variables

CL˚

Target lift coefficient constraints
Fixed leading edge constraint
Non-dimensional aggregated
cavitation constraint
Stress constraint
Trailing edge thickness constraint

Acav ď 5 ˆ 10´4
KSσv ď 1
tT E i ě 1.1tT Ebase

170

Quantity
1
200
10
5
10
5
5
20

The optimization problem formulation is the same as defined by Garg et al. [1] and is summarized in Table 1 and briefly described here for completeness. The assumed weights at the five
lift conditions are 0.10, 0.15, 0.25, 0.45, and 0.05 at CL “ -0.15, 0.30, 0.50, 0.65, and 0.75,
respectively.
The objective of the numerical optimization is to minimize the weighted average of the drag
coefficient over a range of lift conditions.
C̄D “

m
ÿ

w k CDk

(1)

k“1

where the weights wk are computed based on the probability of operation at a given CL , p pCLk q,
i.e., wk “ p pCLk q ∆CL .
The overall hydrodynamic efficiency is defined as
η̄ “

m
ÿ

wk

k“1

180

CLk
.
CDk

(2)

Constraints are imposed on the lift coefficients, minimum pressure coefficient (cavitation),
and maximum von Mises stress on the five operating conditions defined in Garg et al. [1]. The
cavitation constraint is required to be satisfied over all the CFD cells representing the hydrofoil
surface, and the maximum stress constraint is required to be satisfied over all the FEM elements
representing the hydrofoil volume. Additional constraints was imposed on minimum thicknesses at
the hydrofoil trailing edge for manufacturability and ease of handling. The trailing edge thickness
is constrained to be at least 10% higher than the baseline NACA 0009 hydrofoil thickness at 20
points distributed spanwise along the trailing edge. The leading edge position and chord length are
fixed to the baseline NACA 0009 hydrofoil values.
Figure 2 shows the 200 FFD control points used for optimization. The total number of design variables is 210, which includes 200 FFD control points (10 spanwise ˆ 10 chordwise ˆ 2
thickness), and 10 spanwise twist design variables—as shown in Figure 2.
The twist design variables are defined as the angle of a given section relative to the root section,
8
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and the angle of attack is the angle of the root cross section relative to the free stream. To ensure a
consistent definition of the angle of attack when comparing the performance of the baseline and the
optimized hydrofoils at a given lift, we subtract the twist at the root from all the outboard sections.
Hence, all the geometric angles of attack and twist angles shown in Section 6 are defined relative
to the root section, and the twist at the root section is zero.

Figure 2: The hydrostructural optimization design variables consist of 200 FFD control points (red spheres) and 10
section twist variables [1].

4. Experimental Setup and Techniques
In this section, we describe the experimental facility, hydrofoil setup, and the experimental
techniques. Both the baseline hydrofoil, and the optimized hydrofoil are manufactured by the Defence Science and Technology Group (DST), Australia, and are tested in the Cavitation Research
Laboratory (CRL) variable pressure tunnel at the Australian Maritime College (AMC), Tasmania.
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210

4.1. Experimental Facility
The detailed explanation of the experimental facility can be found in previous work [37, 38, 15]
and is only described briefly here. The tunnel test section is 0.6 m square by 2.6 m long. The
operating velocity range is 2–12 m/s, and the pressure range is 4–400 kPa of absolute pressure.
The test section velocity is spatially uniform to within 0.5%, has temporal variations of less than
0.2%, and the freestream turbulence intensity at the inlet of the test section is about 0.5%. The
measurements uncertainties of the various parameters are listed in Table 2. The force and velocity
measurements are used to compute the various hydrodynamic coefficients, such as, lift coefficient,
drag coefficient, and moment coefficient. The highest estimated uncertainty of the tip deflection
are at the lowest angle of attack because of the low deformations and the measurement uncertainty
of 0.648 mm in the tip deflection.
4.2. Baseline Hydrofoil
As explained by Zarruk et al. [15], the baseline hydrofoil geometry has an unswept trapezoidal
planform with a loaded span of 300 mm, a base chord of 120 mm, and a tip chord of 60 mm. The
hydrofoil is rigidly mounted from the ceiling of the test section via a six-component force balance
(described in Section 4.4). The effective aspect ratio of the hydrofoil, considering the double body
effect created by the cantilevered condition at the root, is 6.67, and the mean chord is 90 mm.
9

Table 2: Experimental measurement uncertainties for critical model parameters.

Parameter
Velocity
Force (load cell)
CL , CD , and CM
Angle of attack
Tip deflection (δtip )

220

230

240

Uncertainty
0.007 m/s (low-range) and 0.018 m/s (high-range)
0.5%
0.95% (low-speed) – 1.2% (high-speed)
0.1˝
14.53% (α “ 2˝ ) – 3.33%(α “ 10˝ )
for Re = 1 ˆ 106

The baseline hydrofoil is made up of standard symmetric NACA 0009 section profiles. The
experimental hydrodynamic characteristics of the NACA 0009 profiles are extensively described
in the literature [39, 40]. Two geometrically identical metal baseline NACA 0009 hydrofoils were
manufactured and tested: one made of solid stainless steel or steel (316L alloy) and the other made
of solid aluminum (6061-T6 alloy). The steel baseline hydrofoil served as the rigid baseline, as it
undergoes negligible deformation. Since the aluminum hydrofoil is more flexible and undergoes
measurable tip bending deflection, we use it as the baseline for the hydrostructural optimization.
Based on the construction and attachment assembly of the hydrofoil shown in Figure 1(c), the
structural span is 320 mm (as opposed to the 300 mm loaded span) for both the baseline and optimized hydrofoils. The steel and aluminum hydrofoils were manufactured to a ˘ 0.1 mm surface
tolerance and a 0.8 µm surface finish. No roughness was added to induce turbulent flow, as the
laminar flow region should be limited for the NACA 0009 section [41].
4.3. Optimized Hydrofoil
The optimized hydrofoil is manufactured from solid aluminum alloy (6061-T6), which was
the same as the aluminum baseline hydrofoil. The alloy properties are listed in Table 3. Pictures
of the steel baseline and the multipoint hydrostructural optimized aluminum hydrofoil models are
shown in Figure 3. Figure 4 compares the sectional geometry of the baseline and the optimized
hydrofoils at ten sections along the span. The results show an increased thickness in the optimized
hydrofoil, particularly near the root, to meet the stress constraint. The optimized hydrofoil also
has higher camber, a different twist distribution, and rounder leading edge radius compared to the
baseline to improve the hydrodynamic performance and to delay cavitation inception. Although it
is not visible, the trailing edge thickness of the optimized hydrofoil is also larger than the baseline.
However, minimum trailing edge thickness constraint was not sufficient to prevent the optimized
hydrofoil from suffering two small chips on the trailing edge due to the challenges with manufacturing and handling a highly cambered hydrofoil with a still relatively thin trailing edge. These
discrepancies emphasize the importance of including manufacturing and handling tolerances, as
well as uncertainty due to manufacturing in the optimization problem formulation. Nevertheless,
since the two small chips are localized and did not affect the twist and camber distribution, they
had negligible impact on the hydroelastic performance of the hydrofoil, as will be shown later in
the Section 6.
4.4. Experimental Techniques
The hydrofoils were mounted via a six-component force balance through a 0.16 m diameter
penetration on the tunnel test section ceiling 0.7 m downstream of the test section entrance. The
10

Table 3: 6061-T6 aluminum alloy material properties.

Symbol
ρs
Es
νs
σy
σs,f

Description
Solid density
Elastic modulus
Poisson’s ratio
Yield strength
Fatigue strength

(a) NACA 0009 baseline steel hydrofoil.

Value
2700
69
0.33
276
97

Units
kg/m3
GPa
–
MPa
MPa

(b) Optimized aluminum hydrofoil, where the two
small manufacturing and handling defects at the
thin trailing edge near the tip and the midspan are
highlighted by the red boxes.

Figure 3: Photographs of the baseline steel and optimized aluminum hydrofoils used in experiments, along with the
mounting arrangement.

250

details for the mounting arrangement are already presented in [15, 42]. Data were sampled at 1 kHz
for 30 s for all the Re values. The estimated precision of all 6 force balance components has an
uncertainty of less than 0.5%. The uncertainty in the absolute position of the indexing system is
11

Figure 4: Comparison of sectional geometries for the NACA 0009 baseline, and the multipoint optimized design at
ten sections along the span. The optimization increases the thickness (particularly near the root) to meet the stress
constraint, it increases the leading edge radius to delay cavitation inception, and it adds camber and twist to improve
hydrodynamic performance across the wide range of lift conditions, with lift coefficients ranging from -0.15 to 0.75.

less than 0.1˝ . The experimental tip bending deflection presented in this paper involves processing
the images of the hydrofoil tip section in unloaded and loaded conditions using the Matlab [43]
‘imfindcircles’ algorithm. The known hydrofoil tip chord was used to calibrate the images and the
worst case uncertainty was found to be 0.65 mm, based on the diameter of the contrasting targets.
The details of the procedure are already presented in [42].
5. Modal Analysis
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We study the effective stiffness of the baseline and the optimized hydrofoils by comparing
the natural frequencies of the two hydrofoils. The natural frequencies also help to understand
the vibration characteristics of the hydrofoil, which is needed to avoid unwanted vibration, noise,
hydroelastic instability, and accelerated fatigue [11].
Figure 5 shows the first four in-air modes and their corresponding frequencies for the baseline
aluminum and the multipoint optimized aluminum hydrofoil, predicted using the in-house structural solver, TACS. The results show that the frequencies for the optimized hydrofoil are significantly higher than the baseline. The higher frequencies are expected since the optimized hydrofoil
has thicker cross-sections (as shown in Figure 4). The first three in-air mode shapes of the baseline
and optimized hydrofoil are similar, however, the fourth mode shape differs significantly. While
the fourth mode of the baseline aluminum hydrofoil is the lead-lag mode, the fourth mode of the
optimized aluminum hydrofoil is the second twisting mode, as a result of the thicker cross-sections.
6. Results
In this section, we first present the numerical results obtained using the fine CFD and FEA
meshes shown in Figure 1, followed by comparison of the numerical predictions with experimental measurements for the hydrodynamic performance, deformation response, and cavitation performance for both the baseline aluminum NACA 0009 hydrofoil and the multipoint hydrostructural
optimized aluminum hydrofoil.
12

Figure 5: First four in-air natural vibration modes and frequencies for the baseline aluminum and the multipoint
optimized aluminum hydrofoil. The undeformed geometry is shown using the light gray mesh, while the deformed
mode shapes are shown in the solid blue mesh. The thicker cross-sections resulted in significantly higher frequencies
of the optimized hydrofoil compared to the baseline hydrofoil.

280

290

6.1. Numerical Results for Multipoint Hydrostructural Optimization
Although the multipoint hydrostructural optimization geometry is the same as presented by
Garg et al. [1], the numerical results presented here are obtained with finer CFD and FEA meshes
of 4,124,600 cells and 179,200 elements, respectively. In [1], coarser CFD and FEA meshes with
515,200 cells and 44,800 elements, respectively, were used in the optimization study.
The drag convergence study presented previously [1] for the NACA 0009 baseline showed that
a CFD mesh of 4,124,160 cells and a structural mesh of 179,200 are necessary to achieve the
drag convergence, which yielded a mean difference between predictions and measurements for lift
force and moment coefficient prediction to be 3.5%, and the mean difference in the drag coefficient
to be 5.4%. Garg et al. [1] also compare CL , CM , CD , and δtip {s from a coarser CFD mesh
(515,520 cells) and a coarser structural mesh (44,800 elements). The results show that while the
CD is over-predicted by 45.6% (mean) compared to the fine mesh predictions, the mean difference
in CL and CM is 4.4%. Additionally, the CD predicted using the coarser mesh (515,520 cells)
follow the same trend as the finer mesh (4,124,160 cells) and the experimental measurements. The
13
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Figure 6: Comparison between lift coefficient and drag coefficient from two different sets of meshes, and experimental
results of the baseline aluminum NACA 0009 hydrofoil at Re “ 106 [15]. Red solid line represents results from finer
CFD and FEA meshes (used for all the results presented in this paper) and black dashed line represents results from
coarser CFD and FEA meshes (used for the optimization studies presented in [1]).
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results are illustrated in Figure 6, which compares CL and CD for the finer CFD and FEA meshes,
coarser CFD and FEA meshes, and the experimental results from Zarruk et al. [15] for the baseline
NACA 0009 hydrofoil. Since the adjoint-based hydrostructural shape optimization is concerned
with the trend of the drag coefficient with changes in geometry, the actual grid converged value
is not as important. Hence, for the sake of computational efficiency, the coarser CFD mesh with
515,520 cells and a structural mesh with 44,800 elements was used for the coupled multipoint
optimization studies presented by Garg et al. [1]. In the present work, since absolute values are
critical for accurate validations with experimental measurements, we used the finer CFD mesh of
4,124,160 cells and structural mesh of 179,200 elements for all the numerical results. Additionally,
as shown in Garg et al. [1], the difference between the efficiency at CL “ 0.48 obtained using the
current mesh with 4,124,160 CFD cells and 179,200 FEM elements and the next finer mesh with
10,158,720 CFD cells and 179,200 FEM elements is only 0.2%, which is negligible compared to
the predicted 25% efficiency improvement for the optimized hydrofoil compared to the baseline at
CL “ 0.5. For comparison, the measured efficiency improvement is 31% at CL “ 0.5.
Figure 7 compares the multipoint hydrostructural optimized hydrofoil to the baseline NACA 0009
hydrofoil at two extreme operating conditions, i.e., CL “ ´0.15 and CL “ 0.75, and the most frequent operating point, CL “ 0.65. The baseline aluminum hydrofoil is shown on the left and the
optimized aluminum hydrofoil is shown on the right of each subplot. As presented in [1], the optimized design is driven by efficiency, stress at the highest loading condition, i.e., CL “ 0.75, and
the cavitation constraint at the negative CL condition, i.e., CL “ ´0.15. The mass of the baseline
aluminum hydrofoil is 0.41 kg and the mass of the optimized aluminum hydrofoil is 0.58 kg. Even
14
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with the higher mass caused by the thicker cross-sections, the multipoint optimized hydrofoil lead
to a predicted increase in the overall efficiency (Eq. (2)) of 31.3% for operation across CL ranging
from ´0.15 to 0.75, and an maximum increase in efficiency of 43.7% at CL “ 0.75, compared to
the NACA 0009 baseline. Figure 7 shows the Cp contours on the pressure side for CL “ ´0.15 (the
pressure-side cavitation-critical condition), the Cp distribution on the suction side for CL “ 0.65
(the efficiency-critical condition) and CL “ 0.75 (the strength and suction-side cavitation-critical
condition). Additionally, the figure shows the stress constraint value, i.e., 1.1σv ď σs,f , on the
suction side for the highest loading condition, i.e., CL “ 0.75. σv is the maximum von Mises
stress and σs,f is the fatigue strength of aluminum.
The CL “ 0.65 and CL “ 0.75 pressure contours show that partial leading-edge cavitation is
present in the baseline design, while the optimized design does not exhibit any cavitation, both at
σ “ 1.6. The results show an increase in cavitation inception speed by 38% at CL “ 0.65 for an
assumed submerged depth of 1 m over the NACA 0009 baseline. The cavitation inception speed,
Ucav , is defined as,
d
Pref ´ Pvap
(3)
Ucav “
0.5ρf Cpmin
where Pref “ Patm ` ρf gh is the reference pressure, Patm is the atmospheric pressure, ρf is the fluid
density, g is the gravitational acceleration, h is the submerged depth, and Pvap is the vapor pressure
of water at 15o C (1706 Pa). The optimizer avoids cavitation in the process of reducing the drag by
increasing the leading edge radius while adding camber and twist, as shown in Figure 4.
The contour of the von Mises stress, σv , normalized by the fatigue strength, as well as the initial
(unloaded) and deformed geometry, for both hydrofoils at CL “ 0.75 are shown at the bottom of
Figure 7. The baseline hydrofoil violates the stress constraint for CL ě 0.35 (see Figure 11), and
undergoes much more significant deformation due to the reduced stiffness as a result of the lower
cross-sectional thickness.
The multipoint optimization has to satisfy the stress and cavitation constraint at two extreme
design conditions (CL “ 0.75 and CL “ ´0.15), which requires thickening both the inboard and
outboard portions of the hydrofoil, leading to a 41% mass increase over the NACA 0009 baseline
(as shown in Figure 4).
Figure 8 plots the sectional pressure profile for the baseline hydrofoil and the optimized hydrofoil at three sections along the span. Figure 8 shows that at the CL “ ´0.15 condition, the
suction peak of the optimized hydrofoil is just under the σ “ 1.6 cavitation constraint line for the
outer profiles (z{s “ 0.6, 0.8), indicating that the cavitation constraint at this condition is active
and has a direct effect on the design. The results also show that the baseline hydrofoil violates the
cavitation constraint at higher CL values of 0.65 and 0.75, while the optimized hydrofoil satisfies
the cavitation constraint (´Cpmin ă pσ “ 1.6q) at both the positive and the negative lift conditions.
Figure 9 compares the ideal elliptical lift distribution with the lift distribution for the baseline and the optimized hydrofoils for two extreme operating conditions, i.e., CL “ ´0.15 and
CL “ 0.75, and the most frequent operating point, i.e., CL “ 0.65. The lift distribution for the
symmetrical NACA 0009 baseline hydrofoil remains nearly identical for both positive and negative
lift coefficients, and all deviate from the ideal elliptical distribution with the maximum efficiency
based on potential flow assumptions. On the other hand, the lift distribution for the cambered optimized hydrofoil at CL “ 0.65 and CL “ 0.75 are very closely to the elliptical loading distribution.
The lift distribution of the optimized hydrofoil deviates from the elliptical distribution only at the
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low probability operation point of CL “ ´0.15.
Figure 10 compares the drag distribution for the baseline and the optimized hydrofoil for two
extreme operating conditions, i.e., CL “ ´0.15 and CL “ 0.75, and the most frequent operating
point, i.e., CL “ 0.65. Note the higher drag for the baseline hydrofoil, especially at the root and
tip, for the efficiency-critical operating point, i.e., CL “ 0.65. The higher total drag for the baseline
hydrofoil is also indicated in the Table 4.
Figure 11 compares the maximum stress constraint values over the hydrofoil, i.e., 1.1σv ď
σs,f , for the NACA 0009 baseline and the optimized hydrofoil. While the baseline NACA 0009
hydrofoil violates the stress constraint for CL ě 0.35, the optimized hydrofoil satisfies the stress
constraint up to the highest loading condition (CL “ 0.75) because of the thicker cross-sections,
particularly near the root where the stresses are the highest.
In summary, the numerical results show that the multipoint optimized hydrofoil was found to
perform significantly better than the baseline NACA 0009 hydrofoil in terms of the lift-to-drag
ratio, while meeting cavitation, stress, and manufacturing constraints [1]. In the next subsections,
we validate these performance improvements against experimental measurements.
Table 4: Comparison of the predicted drag coefficient values for the baseline and the optimized hydrofoil at the three
different lift conditions.

Operating point (CL )
-0.15
0.65
0.75

Baseline (CD )
0.008
0.035
0.046

Optimized (CD )
0.007
0.025
0.032
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6.2. Experimental Validation
In this section, we compare the numerical predictions against the experimental measurements
for lift, drag, and moment coefficients, tip deflections, as well as cavitation performance.
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6.2.1. Hydroelastic Performance
Figure 12 compares the numerical predictions and the experimental measurements for CL , CD ,
and CM at various angles of attack. The open square symbols and circle symbols represent the
experimental measurements, while the lines represent the numerical predictions. The blue square
symbols and blue solid lines represent the optimized hydrofoil, the green circle symbols and green
dashed lines represent the baseline hydrofoil. As explained earlier, since the absolute values of
CL and CD are critical for the validation studies, the numerical predictions shown in this paper
are carried out with the finer CFD and FEA meshes with 4,124,600 cells and 179, 200 elements,
respectively, for both the baseline and the optimized hydrofoils. As shown in Figure 12 and Table 5, good agreement between the numerical predictions and the experimental measurements are
observed.
The predicted and measured tip bending deflection (δtip ) for both the baseline and the optimized
hydrofoils are shown in Figure 13. The bending deflection is non-dimensionalized by the mean
semi chord (δtip {b), where b “ 45 mm. The mean difference in the tip deflections is 3.45%. The tip
twists are not compared, since the twist for the aluminum hydrofoil is too small to measure.
Figure 14 compares the drag polar for the baseline NACA 0009 hydrofoil and the optimized
hydrofoil. The results show that for a given CL , the optimized hydrofoil has a lower CD than
16

Figure 7: Comparison between the multipoint hydrostructural optimized hydrofoil (blue or dark) and the aluminum
NACA 0009 baseline hydrofoil (green or light). The predicted overall lift-to-drag ratio increased by 31.3% and the
maximum increase on efficiency is 43.7% at CL “ 0.75. It is impressive that the optimized hydrofoil lead to such
significant increase in efficiency even with a mass increase by 41% (due to the thicker cross-sections) compared to
the NACA 0009 baseline. The baseline hydrofoil violates the stress constraint for CL ě 0.35 (see Figure 11), and
undergo much more significant deformation due to a lower cross-sectional thickness (see Figure 4).
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the NACA 0009 baseline hydrofoil over the entire range of operating condition. In other words,
both numerical predictions and experimental measurements show that the optimized hydrofoil performed significantly better than the baseline hydrofoil over the entire range of operating conditions.
The increase in the experimental overall lift-to-drag ratio (as defined by Eq. (2)) is 29% compared
to 31.3% increase in the lift-to-drag ratio from the numerical predictions. Note that the numerically
predicted increase in the lift-to-drag ratio is higher than the one presented by Garg et al. [1]. This
increase is due to the difference in the predicted CD values with the coarse CFD mesh used for
the optimization shown in [1] compared to the fine CFD mesh used for the analysis shown here.
Figure 14 shows good agreement between the numerical predictions and experimental measurements for both the baseline and the optimized hydrofoils. The maximum, mean, and minimum
differences between numerical predictions (using the 4,124,600 cell CFD mesh and the 179,200
element FEA mesh) and experimental measurements for the hydrodynamic coefficients (CL , CD ,
17

Figure 8: Comparison of the predicted sectional pressure profile for the baseline and the multipoint optimized design
for three different sections along the span at CL “ ´0.15, 0.65, and 0.75. The gray horizontal line represents the
cavitation constraint of σ “ 1.6. The results show that while the baseline hydrofoil violates the cavitation constraint
at CL “ 0.65 and 0.75, the optimized hydrofoil satisfies the constraint. Note that the cavitation constraint is active for
CL “ ´0.15.

and CM ) and tip bending deformation (δtip ) of the optimized hydrofoil are summarized in Table 5.
Comparison of Table 2 and Table 5 shows that the mean error in the hydrodynamic coefficients is
higher than the uncertainty in the measurement. However, as shown in Figures 12, 13, and 14, the
predictions follow the same trend as the measurements. The adjoint-based shape optimization is
more concerned with capturing the trend of the drag coefficient with changes in geometry, rather
than the actual grid converged value. Thus, we concluded that the high-fidelity hydrostructural
optimization tool is good enough for the purpose of the optimization, and the results are confirmed
18

Figure 9: Comparison of the predicted spanwise normalized lift distribution for the NACA 0009 baseline, and the
multipoint optimized design at CL “ ´0.15, CL “ 0.65, and CL “ 0.75. While the lift distribution for the symmetrical NACA 0009 baseline hydrofoil deviated from the ideal elliptical distribution, the lift distribution for the cambered
optimized hydrofoil at CL “ 0.65 and CL “ 0.75 very closely followed the elliptical loading distribution.

Figure 10: Comparison of the predicted spanwise normalized drag distribution for the NACA 0009 baseline, and the
multipoint optimized design at CL “ ´0.15, CL “ 0.65, and CL “ 0.75. The comparison of the resulting drag
coefficient is listed in Table 4.

by the much improved performance of the optimized hydrofoil captured by both the measurements
and predictions.
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6.2.2. Cavitation Performance Comparison
In this section, we compare the cavitating performance of the optimized aluminum hydrofoil
to the baseline stainless steel hydrofoil using experimental measurements and observations for
α “ 6o and Re “ 0.8 ˆ 106 . The hydrofoil was optimized to avoid cavitation for Re “ 106 for
´0.15 ď CL ď 0.75 and σ ě 1.6. Based on the numerical predictions, cavitation should incept
later (i.e., at a lower σ) for the optimized hydrofoil compared to the baseline. Ideally, cavitation
performance should be compared between hydrofoils made with the same material, at the same
19
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Fatigue stress
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Optimized (numerical)
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1

0.5
0
-0.2
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Figure 11: While the aluminum NACA 0009 baseline hydrofoil does not meet the stress constraint for CL ě 0.35,
the multipoint hydrostructural optimized aluminum hydrofoil meets the stress constraint up to CL “ 0.75, the highest
expected loading condition.
1
0.5
0
-0.5
0.035
0.02
0
0.6
0.4
0.2
0
-0.2
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Baseline (numerical)
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Figure 12: Predicted and measured values of the mean CL , CD , and CM for the baseline hydrofoil and the optimized
hydrofoil. The differences between the numerical predictions and the experimental measurements are listed in Table 5.
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cavitation number, lift coefficient, and Reynolds number. While the Reynolds number used for the
predictions was 106 , the experimental measurements for both the baseline and optimized hydrofoils
were conducted at Reynolds number of 0.8 ˆ 106 for all the cavitation studies.
The experimental conditions for the cavitation tunnel testing of the baseline and optimized
20

Table 5: Difference between the numerical predictions and the experimental measurements for the optimized hydrofoil.

Hydrodynamic
coefficient
CL
CD
CM
δtip

Maximum error [%]

Mean error [%]

Minimum error [%]

6.12
10.44
9.72
10.40

2.96
5.10
3.00
3.45

0.33
0.30
0.35
0.50

0.6
0.5

Optimized (experimental)
NACA 0009 baseline (experimental)
Optimized (numerical)
NACA 0009 baseline (numerical)

0.4
0.3

δtip /b
0.2
0.1
0
−0.1
−0.4

−0.2

0

0.2

CL

0.4

0.6

0.8

1

Figure 13: Predicted and measured values of the steady-state tip bending deflection, δtip , for the baseline aluminum
NACA 0009 hydrofoil and the multipoint optimized aluminum hydrofoil. The mean difference in the tip deflections is
3.45%.
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hydrofoils are listed in Table 6. It should be noted that the cavitating runs were meant to be
exploratory runs only, and hence the test conditions were not ideal. However, we realized after the
test that the data from the exploratory run was enough to perform a valuable qualitative cavitation
performance comparison, which confirmed that cavitation inception was significantly delayed for
the optimized hydrofoil. Note that additional cavitation tests could not be conducted because tunnel
time and project budget limitations. An accurate quantitative cavitation performance comparison
would require further experiments in the future. Nevertheless, the use of the baseline stainless
steel hydrofoil instead of the aluminum hydrofoil with a slightly different Reynolds numbers have
a minimal impact on the results, because as shown in the experimental results by Zarruk et al. [15],
the differences between the performance of the baseline stainless steel hydrofoil at Re “ 0.8 ˆ 106
and the aluminum hydrofoil at Re “ 106 are negligible. Based on the experimental measurements
presented in [15], the mean difference in CL between these two cases is 3.4%.
Since the baseline stainless steel hydrofoil and the optimized aluminum hydrofoil were tested
at the same geometric angle of attack, they exhibit different lift coefficients because of the different
twist distributions and cross-sectional shapes. In hindsight, the optimized hydrofoil and the base21

1
0.8
0.6
0.4

CL
0.2
0
Optimized (experimental)
NACA 0009 baseline (experimental)
Optimized (numerical)
NACA 0009 baseline (numerical)

−0.2
−0.4
0.005

0.01

0.015

0.02

0.025

0.03

0.035

0.04

0.045

0.05

CD
Figure 14: Predicted and measured drag polar for the baseline NACA 0009 hydrofoil and the multipoint optimized
hydrofoil. Both predictions and measurements show that the optimized hydrofoil has lower drag value as compared to
the baseline for the entire range of lift conditions.

line hydrofoil should be tested at the same fully wetted lift coefficient. Nevertheless, the influence
of the different lift coefficients can be removed by normalizing the instantaneous cavitating lift coefficients by its fully wetted values. Figures 15 and 16 show the baseline and optimized hydrofoils
for two different cavitation numbers: σ « 1.0 and σ « 0.8.
Table 6: Cavitation tunnel experimental conditions for the baseline and the optimized hydrofoils.

Parameter
Material
CL
Re
σ
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Baseline hydrofoil
Stainless steel
0.52
0.8 ˆ 106
2.0, 1.5, 1.0, 0.9, 0.8,
0.7,0.6,0.5, 0.4,0.3,0.25

Optimized hydrofoil
Aluminum
0.49
0.8 ˆ 106
2.5, 2.1, 1.8, 1.7, 1.6,
1.5, 1.4, 1.1, 0.95, 0.75

Impact
Minimal
Minimal
Minimal
Significant

Figure 15 shows that while the baseline hydrofoil exhibits leading edge partial cavitation with a
maximum cavity length around 40% of the chord length at σ “ 1.0 and CL “ 0.52, cavitation could
not be detected on the optimized hydrofoil even at σ “ 0.95 and CL “ 0.49. Figure 16 compares
the extent of cavitation for the optimized hydrofoil and the baseline hydrofoil at σ of 0.75 and 0.8,
respectively. The results show much greater cavitation extent for the baseline hydrofoil compared
to the optimized one at nominally equivalent flow conditions.
In addition to the cavitation extent shown in the images, the cavitation performance can also
be quantified using the unsteady lift coefficients. In Figure 17, the maximum, mean, and minimum
22

(a) Optimized hydrofoil; σ “ 0.95; CL “ (b) Baseline NACA 0009 hydrofoil; σ “ 1.0;
0.49.
CL “ 0.52.
Figure 15: While the baseline hydrofoil shows significant partial leading edge cavitation with a maximum cavity
length around 40% of the chord length, no cavitation is observed for the optimized hydrofoil at similar σ and CL
values. Re “ 0.8 ˆ 106 ; α “ 6o .
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(a) Optimized hydrofoil; σ “ 0.75; CL “ (b) Baseline NACA 0009 hydrofoil; σ “ 0.8;
0.49.
CL “ 0.52.
Figure 16: For similar σ and CL values, there is much less cavitation on the optimized hydrofoil compared to the
baseline hydrofoil. Re “ 0.8 ˆ 106 ; α “ 6o .
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values of CL {CLwet are plotted against σ for the baseline and optimized hydrofoils. CL is the
instantaneous lift coefficient, which fluctuates with time due to unsteady cavity shedding, and CLwet
is the mean lift coefficient for the fully-wetted condition, i.e., no cavitation. We plot CL {CLwet to
remove differences in CL . For mean CL « 0.5, CL {CLwet « 1 for σ ą 1.5, because the flow is
fully attached and fully wetted. The mean CL increases marginally with the onset of partial leading
edge cavitation due to increase in effective camber caused by the formation of a leading edge
cavitating vortex, then decreases as the cavitation number σ further reduces due to limitation of the
suction side pressure by the vapor pressure. The inception of cavitation is also denoted by unsteady
dynamic load fluctuations due to periodic growth and shedding of the cavity [44]. As shown by
Akcabay et al. [45], the amplitude of the unsteady load fluctuation reaches a maximum when the
maximum extent of the cavity reaches near the hydrofoil trailing edge. As σ further reduces, the
cavity length further increases and extends well beyond the hydrofoil trailing edge, the amplitude
of the unsteady load fluctuations reduces until relatively stable supercavitation develops [44].
Hence, changes in the difference between maximum and minimum values of the unsteady lift
coefficient indicate cavitation development for cases with uniform flow and low inlet turbulent
intensity, such as examined here. Figure 17 shows that for similar CL {CLwet values, significant
fluctuations of the hydrodynamic loads for the baseline hydrofoil occur for σ Æ 1.0, which is a
good indication of cavitation development, while no significant fluctuations are observed for the
optimized hydrofoil until σ “ 0.75.
Figure 18 compares the time history for CL {CLwet at various cavitation numbers for both the
baseline and the optimized hydrofoils. The results show that while the baseline hydrofoil has
significantly higher fluctuations at σ “ 0.9, the optimized hydrofoil has minimal fluctuations
because there was no cavitation at σ “ 0.95, as shown in Figure 15. Given the results shown
in Figures 15 to 18, we conclude that the optimized hydrofoil demonstrated delayed cavitation
inception compared to the baseline hydrofoil. Nevertheless, additional cavitating measurements
would be required to quantify the exact improvements.
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Figure 17: Comparison of maximum, minimum, and mean values of CL {CLwet as a function of the cavitation number
(σ) for the baseline stainless steel hydrofoil (green/light) and the optimized hydrofoil (blue/dark). Note that the for a
similar CL {CLwet , unsteady load fluctuations due to periodic growth and shedding of cavitation occurs earlier (i.e. at
a higher σ) for the baseline hydrofoil compared to the optimized hydrofoil.
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(a) Baseline NACA 0009 hydrofoil (steel)
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(b) Optimized hydrofoil
Figure 18: Time history of measured non-dimensional lift coefficient for the baseline hydrofoil at CL “ 0.52 (top) and
the optimized hydrofoil at CL “ 0.49 (bottom) for various cavitation numbers. Note that while the baseline hydrofoil
shown significant cavity-induced unsteady load fluctuation at σ “ 0.9, the optimized hydrofoil exhibit no cavitation
at σ “ 0.95, as indicated by the relatively steady instantaneous CL values, and confirmed by the photographs shown
in Figure 15.
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7. Conclusions
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In this paper, we address the need for experimental validation of optimized marine lifting surfaces by manufacturing and testing the baseline and the optimized hydrofoil proposed by Garg et
al. [1]. Garg et al. [1] carried out multipoint hydrostructural optimization for a cantilevered aluminum NACA 0009 tapered hydrofoil with no sweep at Re “ 106 and U “ 12.4 m/s. They used
210 shape design variables representing the hydrofoil camber, thickness, and twist distributions,
with constraints on lift coefficients, hydrofoil planform, stress, cavitation, and minimum trailing
edge thickness. Garg et al. [1] showed that hydrodynamic-only optimization leads to a slightly
more efficient design with very different optimized geometry compared to the hydrostructural optimization, but hydrodynamic-only design does not satisfy the stress constraints. Thus, coupled
hydrostructural optimization is needed to acquire a physically realizable design, and to avoid unwanted flow-induced vibration and instability issues.
While coarser CFD and FEA meshes were used in the optimization in favor of computational
efficiency, a finer CFD and FEA meshes was used for the validation studies shown here to ensure
accuracy. Good agreement was observed between the predicted and the measured values of the
hydrodynamic coefficients (CL , CD , and CM ) and the tip bending deflections (δtip ) for both the
baseline and the optimized hydrofoils across a wide range of lift conditions. For the optimized
hydrofoil, the mean difference between the predicted and measured values for mean CL , CD , and
CM was 2.96%, 5.10%, and 3.0%, respectively. The mean difference in the tip bending deflections
was 3.45%.
The results also confirmed the significant improvement in the lift-to-drag ratio for the optimized
hydrofoil compared to the baseline across the full range of CL from ´0.15 to 0.75, even with
an increase in mass of 41.5% due to the thicker cross-sections. The measured improvement in
efficiency at CL “ 0.3 is 46.8%, and at CL “ 0.65 is 23.9%, while the corresponding predicted
improvements are 31.6% and 40.0%. The improvements in efficiencies are much higher than
the measurement uncertainty of 0.95 – 1.2% for the hydrodynamic loads. The improvement in
efficiency is also much greater than the error of 0.30 – 10.44% between the predicted and measured
hydrodynamic load coefficients.
The results show that the tip bending deflection for the optimized aluminum hydrofoil is almost
67% lower than the bending deflection for the baseline aluminum hydrofoil for CL ě 0.3. In addition, the natural frequencies of the optimized aluminum hydrofoil are also significantly higher than
the baseline aluminum hydrofoil. The results are consistent with the predictions, which showed
that the thinner baseline hydrofoil violates the stress constraint for CL ě 0.35, while the thicker
optimized hydrofoil satisfies the fatigue strength constraint up to the highest loading condition of
CL “ 0.75.
The cavitation performance of the optimized hydrofoil was also investigated experimentally.
While the experimental cavitation results were mostly qualitative, comparisons of the observed
cavitation patterns and unsteady lift coefficients suggest significantly delayed cavitation inception
for the optimized hydrofoil compared to the baseline hydrofoil. For a more detailed quantitative
analysis of cavitating performance, additional cavitation testing comparing the baseline and optimized hydrofoil made of the same material and tested for the same range of lift conditions and
cavitation numbers would be required in the future.
The results presented herein confirm that the hydrostructural design optimization approach results in realizable practical improved performance. The 29% improvement in the measured overall
28
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efficiency against NACA 0009 baseline hydrofoil across lift coefficients ranging from -0.15 to
0.75 is impressive, particularly given the thicker section, the higher load capacity, and the much
delayed cavitation inception characteristic of the optimized hydrofoil. Given the short design cycle
for these coupled high-fidelity hydrostructural optimizations (less than 10 h using 1,000 processors), this approach has the potential to revolutionize the design of the next generation of advanced
hydrofoils and marine propulsors.
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