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Abstract

Hydrodynamic lifting surfaces usually include junctions. High-fidelity simulations are necessary to
capture critical physics near these regions, such as separation, junction vortices, and cavitation.
We present RANS-based hydrodynamic optimizations of a T-shaped hydrofoil, including changes
in the junction geometry. The optimized hydrofoils avoid separation and delay cavitation compared
to the baseline. The full optimization design with planform, cross-section, and junction geometry
variables yields a total drag reduction of 6.4%. The optimized results show that the relative lo-
cations of the maximum foil thickness and the maximum strut thickness significantly impact the
junction cavitation. Including the translation between the strut and the foil and more strut ge-
ometric variables as design variables will provide further improvement. The comparison between
optimized designs demonstrates that optimizing planform and detailed junction geometry provides
further improvement in addition to designing the cross-sectional geometry. The hydrostructural
analyses show that the optimized T-foils have lower stress at the junction than the baseline be-
cause of the resultant junction fairing. However, these hydrodynamic-optimized T-foils have higher
deformation and maximum stress, which could result in accelerated fatigue, highlighting the need
for hydrostructural responses in design optimization. The results demonstrate that the developed
methodology is useful for designing next-generation complex hydrodynamic lifting surfaces.

1 Introduction

Hydrodynamic lifting surfaces, such as propeller blades and rudders, must be attached to other
components, such as hubs and hulls. This requirement leads to junctions between the lifting surface
and another component, adding to the challenge of hydrodynamic lifting surface design. The shape
of the junction affects the pressure and shear stress distribution and thus cavitation inception and
flow separation.

Cavitation occurs when the local absolute pressure drops to or slightly lower than the saturated
vapor pressure [1, 2]. Once cavitation develops, the periodic cavity shedding may induce material
damage because of high local pressure and temperature variations, high shear stress, as well as
local shock impact on the structures [3, 4]. Cavitation can also lead to flow-induced load oscillation,
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noise, and accelerated fatigue. Hence, avoiding cavitation is crucial to hydrodynamic lifting surfaces
when possible, especially composite ones, because composites are less resistant to cavitation pitting
damage, even with the current state-of-art coating technology.

Cavitation is tied to flow separation. Flow separation forms a low pressure and low momentum
region, which traps microscopic nuclei (weakness in the liquid), allowing cavitation to incept [1, 2, 5].

For marine vessels operating near the free surface, ventilation is another characteristic related
to cavitation and separation. Cavitation and separation can both trigger ventilation. Experimental
studies have shown that ventilation correlates to boundary layer separation [6, 7]. Ventilation can
lead to negative consequences similar to cavitation. Both ventilation and cavitation can lead to
sudden and drastic lift (or thrust) loss, efficiency reduction, as well as hydrodynamic and hydroe-
lastic instabilities [5, 8–16]. However, ventilation is fundamentally different from cavitation because
it does not involve a phase change. Instead, ventilation is the entrainment of non-condensable gas
into the region surrounding the structures, which requires a gas resource to develop the cavity.

Shape optimization, sensing, and control techniques have been used to avoid separation, cavi-
tation, and ventilation [9, 10]. Because junctions are highly susceptible to vortices and cavitation,
which can cause pressure fluctuations that lead to performance decay, noise, vibration, surface ero-
sion, and accelerated fatigue [17, 18], a well-designed junction shape is essential for vessels’ stability
and efficiency.

The junction shape also affects the structural response. Any drastic change in the junction
shape can cause stress concentrations, leading to accelerated fatigue and other material failures.
Therefore, it is crucial to include the junction details when optimizing hydrodynamic lifting surface
performance while avoiding separation, cavitation, ventilation, and structural failure.

Recent advances in manufacturing robots and 3-D printing technology allow cost-effective man-
ufacturing of highly optimized sections, including the junction shape. In the past, metallic materials
limited the design freedom at the junction because it depended on the welding technique and quality.
For composite materials, conventional manufacturing technologies also made junction optimization
challenging. Recently developed methods such as automated fiber placement and 3-D printing en-
able efficient and accurate manufacturing of optimized hydrofoils with more design freedom. Thus,
using these new manufacturing techniques can yield higher-performing lifting surfaces.

These new manufacturing techniques and the need to avoid cavitation and separation moti-
vate the detailed shape design optimization of complex hydrodynamic lifting surfaces. Numerical
methods have been developed to optimize hydrodynamic lifting surfaces. Early approaches rely on
low-fidelity methods, such as lifting line and panel methods [19–21]. These low-fidelity methods
still attract industry and academia because of the low computational cost [22]. More recently,
researchers have developed boundary element methods for analyses and designs of hydrofoils and
propellers [23–28] Despite that the low-fidelity methods and boundary element methods can cap-
ture the trends with low computational cost, high-fidelity simulations are needed to more accurately
capture critical physics, such as cavitation and separation [29–31]. In the numerical design opti-
mization context, Reynolds-averaged Navier–Stokes (RANS) model is commonly used because it
is currently the highest-fidelity approach that is still computationally tractable [32–37]. However,
high-fidelity models are computationally prohibitive for design problems requiring many simula-
tions, particularly for complex multipoint loading.

Fortunately, the adjoint approach mitigates the overall computational cost of optimization when
used with a gradient-based optimizer [38–40]. The adjoint approach computes the gradients of a
function of interest with respect to a large number of design variables accurately and efficiently.
This approach linearizes the simulation and then solves a linear system for each function of interest
to compute the entire gradient [41, Sec. 6.6]. There are other methods for computing derivatives,
but none are as efficient when the number of design variables is greater than the number of functions
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of interest [41, Sec. 6.2]. Kenway et al. [40] provides more details on the implementation of the
adjoint approach. In this paper, we use a 3-D RANS and gradient-based optimization framework
with an adjoint method to optimize the geometry of hydrodynamic lifting surfaces.

To design hydrodynamic lifting surfaces that intersect with other components, we need 3-D
RANS simulations. In addition, we need to be able to change the geometry of the components and
their intersection. Computational fluid dynamics (CFD) with the overset mesh approach can handle
significant geometry changes and relative movements between components while preserving good
mesh quality compared to multiblock meshes [42]. For a geometry with intersecting components,
the surface mesh deformation near the junction is challenging because the CFD solver requires
the surface mesh nodes to conform with the changed design outer mold lines and maintain the
watertight property [43]. Secco et al. [35], Secco and Martins [44] developed a robust algorithm
to handle this mesh deformation with overset meshes and demonstrated the advantages of using a
wing-body configuration and a strut-braced wing.

We will use a gradient-based optimization framework that uses RANS CFD and overset meshes
to design hydrodynamic lifting surfaces with junctions. We use a T-shaped hydrofoil as a canonical
example for hydrodynamic lifting surfaces because it features a representative junction geometry
that is of current interest. T-shaped hydrofoils are often used for hydrofoil-supported crafts, which
have been popular since the mid-20th century, as they can operate at high speeds and have good
seakeeping characteristics [45, 46]. The supporting hydrofoils provide lift for vessels to operate
with the hull bottom out of the water, reducing the hull wetted area and interaction with waves.
Hence, these crafts experience less drag at foil-borne operation conditions and achieve higher max-
imum speeds with better ride quality. The popularity of hydrofoil-supported crafts dropped since
the 1970s because of the limitation on size due to the cube-square law of the weight and lift,
the development of high-speed catamarans, propulsion design difficulties, limited material choices,
inadequate manufacturing techniques, and mechanical issues caused by the system’s complexity.
However, recent advances in material technology, manufacturing, numerical modeling, sensing, and
control strategies made them attractive again. In addition, the green energy initiative has driven
the recent development of hydrofoil-supported vessels because they remain the most efficient water
vehicles, resulting in fuel and power consumption reductions.

Hydrofoil designs have been increasingly adopted in competitive sailing communities, such as
the International Moth class and America’s Cup [47–49]. Three widely used types are L-foils,
C-foils, and T-foils. T-foils provide more stable performance and exhibit better control authority
because the foils are fully submerged in water. T-foils can also naturally damp wave-induced vessel
heave motions [46, 50]. The physics and trade-offs from the canonical T-shaped hydrofoil shape
optimization example should also apply to more generic hydrodynamic lifting surface designs with
junctions and is thus relevant to propulsion, control surfaces, energy-saving and energy-harvesting
devices.

Many efforts simulated and designed hydrofoil crafts and T-foils. Experiments have been an im-
portant avenue to understand the physics [8, 11, 12, 51–55]. Scherer and Auslaender [51] presented
an early work comparing the experimental lift and drag measurements of a T-shaped Buships par-
ent hydrofoil with the theoretical prediction. They also investigated and discussed the cavitation
and ventilation performance of this hydrofoil. Binns et al. [52] conducted experiments to study the
effect of heel angle and foil submergence depth on the force of a T-foil. Later, Ashworth Briggs [53]
performed a more comprehensive set of experiments on a similar T-foil to study free surface effects
on the T-foil forces and tip vortex ventilation. Beaver and Zseleczky [56] performed a series of tests
for a full-scale foiling moth, characterizing major parameters that impact the foil, hull, sail, and
strut performance. Harwood et al. [8, 11, 12, 55] completed several detailed tests to investigate the
ventilation mechanism and hydroelastic response of surface piercing hydrofoils.
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In addition to experimental testing, computational methods have also been used to evaluate the
performance and trade-offs. Low-fidelity methods are still valuable and have been applied to foil
performance prediction for comparing with experimental measurements [54] and for design [22, 57].
Recent advances in computer science and scientific computing promote the use of higher-fidelity
methods, such as RANS [32, 34, 37, 58, 59]. However, these previous efforts with high-fidelity
approaches mostly only considered a single foil performance. They did not take the presence of
the junction and the strut (or other attached components) into account. Hence, we aim to develop
methods to complement current research to include the junction design of a foil-strut system in
RANS-based design optimization.

Overall, the objectives of this paper are to 1) optimize a T-foil considering a large number of
design variables using a high-fidelity adjoint-based optimization framework, and 2) investigate how
cross-sectional, planform, and detailed junction geometry design affect the design and performance
of the T-foil.

The remainder of this paper is organized as follows: We first introduce and review the compu-
tational framework in Section 2. The optimization problem setup is then described in Section 3.
We show and discuss the results in Section 4. In Section 4.4, we conclude our findings.

2 Computational framework

We use the MACH framework for the analyses and optimizations [60]. MACH enables the
optimization of lifting surfaces with respect to external shape and structural sizing variables while
accounting for flexibility [61]. Because we do not include the structural response in the hydrody-
namic optimizations in this paper, we use the subset of the MACH framework called MACH-Aero,
which consists of the computational tools required to perform aerodynamic or hydrodynamic shape
optimization.

Figure 1 shows an overview of the hydrodynamic shape optimization framework. The hydrody-
namic shape optimization process starts with the pre-processing step shown in Figure 1, in which
the geometry and the computational meshes are generated. We generate the T-foil geometry that
will be introduced later in Section 3.1 and the corresponding free-form deformation (FFD) volumes
using the pyGeo module [62], which is a geometry manipulation tool for multidisciplinary design
optimization that provides convenient ways to manipulate lifting surface geometries. We import
the T-foil geometry into the ANSYS ICEM-CFD software and use ICEM-CFD to generate the CFD
surface meshes. Finally, the surface meshes are extruded to volume meshes using the pyHyp mod-
ule [63], which solves hyperbolic equations to determine the volume layer positions. The following
sections detail the steps and tools required to perform hydrodynamic shape optimization.

2.1 Geometric parameterization

We use the FFD implementation available in the pyGeo module [65] to parameterize the hy-
drofoil geometry. With this approach, the CFD surface mesh nodes are embedded in a control
volume defined by a set of control points, as shown in Figure 2. The parametric coordinates of the
mesh points are mapped to the FFD control points using B-splines. The control points move the
mesh nodes through the parametric mapping. Moving each control point allows us to change local
variables that control the airfoil shapes. It is also possible to change global variables, such as twist
and sweep, by moving groups of control points. The global variables require a reference axis about
which the movement takes place. The geometric variables and constraints for the T-foil problem
are detailed in Section 3.5.
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Figure 2: The geometric parametrization uses FFD control points to deform the embedded surface mesh points.
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2.2 Multi-component surface mesh deformation

The FFD approach described above is sufficient to update the CFD surface mesh based on the
geometric design variables for a standalone component such as a single hydrofoil. However, for
a configuration like the T-shaped hydrofoil introduced in Section 3.5, which contains a junction
between the foil and the strut, we need an additional step to update the CFD surface mesh based on
component junction changes. This step is required to ensure that the CFD surface mesh conforms
to the updated design geometry and avoid obtaining invalid volume mesh cells near the junction.

To achieve this goal, we use the surface mesh deformation method developed by Yildirim et al.
[43], which is based on the pySurf module developed by Secco et al. [35]. To parameterize the ge-
ometry of the configuration that includes multiple components that intersect, we first use separate
FFD volumes to parameterize the design of the foil and the strut separately. In addition to tracking
the CFD surface mesh with the FFD volumes, we track a triangulated surface mesh for each compo-
nent to compute the updated junction between the two components as their shapes change. Finally,
using the updated junction curve between the two components and the updated feature curves, we
use an inverse-distance weighted deformation approach to deform the CFD surface nodes near the
junction between components. As a result of these operations, this method updates the CFD mesh
to conform with the updated component geometries and the new junction between components.
This algorithm has been differentiated analytically for use with gradient-based optimization [35, 43].

2.3 Volume mesh deformation

We deform the CFD volume mesh based on the updated CFD surface mesh computed in the
previous step. We use a mesh deformation process to update the CFD volume mesh at each iteration
instead of re-meshing. Compared to re-meshing, mesh deformation is more efficient and provides a
more consistent geometric representation throughout the optimization.

For the CFD volume mesh deformation process, the surface mesh deformation is propagated
to the volume mesh using the IDWarp module developed by Secco et al. [63], who implemented a
mesh deformation approach based on an inverse distance weighting method [66]. The corresponding
mesh deformation derivatives are computed using automatic differentiation. This mesh deformation
process and the derivative computation are fully parallelized and only take about 0.1% of the CFD
runtime [63]. The updated CFD meshes are then provided to the CFD solver for hydrodynamic
simulation.

2.4 CFD solver

The CFD solver we use in this work is ADflow [67], which is a second-order accurate finite volume
solver [39]. ADflow can solve the compressible Euler, laminar Navier–Stokes, and RANS equations
with structured multiblock and overset meshes. Because we consider design conditions with chord-
based Reynolds number Re ě 106, we assume the flow studied in this paper is fully turbulent. We
solve the steady RANS equations with the Spalart–Allmaras turbulence model [68] in this work
unless otherwise specified. We use this turbulence model because it has been differentiated and is
ready to be used with gradient-based optimization. We use the overset mesh approach in the CFD
simulations because an overset mesh can result in higher quality cells near component intersections
compared to a structured multiblock mesh [42]. In our model, the overset mesh approach enables
us to create high-quality component meshes for the foil, strut, and the collar, as described in
Section 3.2. In the overset approach, cells can be blanked, interpolated, or computed. An implicit
hole cutting process determines the role of each volume cell as described by Kenway et al. [42].

We start solving the flow using a Runge–Kutta method and switch to an approximate Newton–
Krylov method [69] when the residual drops a certain magnitude relative to the initial free flow
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residual. After using the approximate Newton–Krylov solver to lower the residual quickly, a pure
Newton–Krylov solver performs the final convergence, further accelerating the overall solution. The
selection of different nonlinear solver algorithms does not have any effect on the final converged
solution; we use different nonlinear solvers in different simulation stages to accelerate the process of
finding a steady-state solution. Following the flow solution, we use the adjoint method in ADflow
implemented by Kenway et al. [40] to obtain the derivatives across the CFD solver efficiently.

As previously alluded to, cavitation can lead to significant efficiency deterioration, material
surface erosion, and cavity-induced vibrations. Although the CFD solver cannot simulate actual
cavities, it can impose a cavitation constraint using a metric based on local pressure. Similarly, the
CFD solver can impose separation constraints based on the local flow direction. We explain the
cavitation and separation constraint formulations in Section 3.6.

3 Optimization problem setup

In this section, we will first describe the baseline, for which the geometry details are summarized
in Table 1. Afterward, we describe how we generate the CFD meshes and the boundary conditions.
We present a validation study in Section 3.4. Design variables and constraints are described in
Sections 3.5, 3.6, and 3.7. Section 3.8 describes the optimization problem formulation, including
two tables summarizing the design conditions (Table 3) and the optimization problem (Table 4).

3.1 Baseline design

We use a T-foil design from [53] as the baseline hydrofoil. This baseline is a canonical represen-
tation of a T-foil rudder for the International Moth Class [47]. The T-foil has a semi-span (b) of
0.333 m, a root chord (croot) of 0.14 m, and a tip chord (ctip) of 0.095 m, as shown in Figure 3. In
our simulations, we use a strut chord of 0.135 m to reserve space for creating a qualified collar mesh
near the trailing edge. These geometry details are also summarized in Table 1. We immerse the
foil at a water depth (h) of 0.4 m from the free surface (measured at leading edge), which results
in a depth-to-mean-chord ratio (h{cmean) of 3.4. Both the baseline strut and foil geometries have
NACA 0012 cross-sections (the strut cross-section may differ from the original work of Ashworth
Briggs [53] because the strut cross-sectional geometry was not reported, but it should have only a
minor impact on the foil performance).

Table 1: Geometry details of the baseline.

Cross section NACA 0012
Submergence depth 0.4 m
Strut chord 0.135 m
Foil root chord 0.14 m
Foil tip chord 0.095 m

The baseline cross-section is not optimal for a lifting surface that is susceptible to cavitation
and ventilation. We choose this model because there are experimental results to compare against,
and it is a relatively simple baseline geometry to replicate [52, 53]. Additionally, for a well-defined
optimization problem, the choice of baseline shape should have a negligible impact on the optimized
geometry in the absence of multimodal solutions. Previous work has shown that with adequate
problem formulation, optimizations starting from different initial designs converge to essentially
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the same optimized shape [70, 71]. Therefore, the baseline design is not likely to affect the optimal
designs for this problem.

Figure 3: Baseline T-foil design dimensions.

3.2 CFD mesh

The overset mesh for the T-foil consists of a mesh for the lifting surface, a mesh for the strut, and
a collar mesh, as shown in Figure 4. The collar mesh is required to ensure adequate discretization to
resolve the boundary layer at the junction. The overset mesh uses an implicit hole cutting process
to determine the CFD cell role [72]. CFD cells can be blanked, interpolated, or actual compute
cells. We generate two levels of CFD meshes to assess the mesh dependency. For the coarse mesh,
the strut surface mesh has 1,944 cells, the collar has 3,888 cells, and the foil has 15,024 cells. The
surface meshes are extruded 0.2 m in the normal direction to generate volume meshes, as shown
in Figure 4. The foil and the strut volume meshes have 32 cells in the normal direction. On the
other hand, the collar has 40 layers to provide a smaller extrusion grid ratio (1.2951) than the
strut and foil (1.3916) so that collar cells are prioritized during the implicit hole cutting process.
The volume meshes of individual components and the final combined mesh for the coarse mesh are
shown in Figure 4. These component meshes are combined with a background mesh to form the
final overset mesh. The background mesh is an O-grid that contains a Cartesian grid bounding
the T-foil volumes and the extrusion to the outer boundary. The final coarse mesh has a total of
991,712 volume cells. After the implicit hole cutting process, there are 891,112 compute cells. The
final coarse mesh has a maximum y` of 2.7 at the nominal design condition with Re “ 1.6ˆ106 and
a maximum y` of 3.2 at the highest speed condition with Re “ 2.1 ˆ 106. The design conditions
are described in Section 3.8.

The fine mesh is generated following the same process. The fine mesh has 7,456,768 cells in
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Figure 4: Volume meshes for each component and the final combined volume mesh without the background mesh.

(a) Volume mesh slices through the planes perpendicular to the horizontal foil.

(b) Volume mesh slices through the planes perpendicular to the vertical strut.

Figure 5: Slices of the final coarse mesh including the background mesh.
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total with a maximum y` of 1.2 at the nominal design condition. The discretization number in
each dimension doubles compare to the coarse mesh. We decrease the fine mesh’s off-spacing to
half of the coarse mesh when creating the volume mesh. For the collar mesh, the normal extrusion
distance is 0.15 m compared to the 0.2 m used for the coarse mesh to ensure a valid final overset
mesh. The normal marching distance for the foil and strut volume mesh remains the same as the
coarse mesh. After the implicit hole cutting process, the fine mesh has 6,910,434 compute cells.
Figure 6 shows the surface compute cells with zipper meshes for both the coarse and fine mesh
levels.

In this work, we did not apply any mesh refinement around the tip region to investigate the
tip leakage flow in detail. Our focus is on the developments that enable junction shape design
for complex hydrodynamic lifting bodies. However, tip leakage flow can significantly impact the
hydrofoil performance, such as inducing downwash, triggering cavitation, and ventilation. Tip mesh
refinement analyses could be performed in the future to ensure the tip vortices are appropriately
captured. Example avenues include using a C-mesh and applying local mesh refinement near the
tip.

(a) Coarse mesh with 891,112 compute cells. (b) Fine mesh with 6,910,434 compute cells.

Figure 6: Surface compute cells for the coarse (a) and fine (b) mesh levels, including the zipper meshes.

For this T-foil problem, the drag coefficient (CD) and lift coefficient (CL) are defined as the total
(foil and strut) drag and total lift non-dimensionalized by the dynamic pressure and the reference
area of the horizontal foil (Aref “ 0.0783 m2), which is the product of the mean chord and the span.
Later in the results, we report the total drag and the drag for different components separately.
Figure 12 shows how we group surfaces for each component.

3.3 Boundary conditions

We apply symmetry plane boundary conditions at the top of the strut and far-field boundary
conditions at about nine span lengths away from the bounding Cartesian mesh. The symmetry
boundary condition corresponds to the low speed, i.e., low submergence-based Froude number
(Fnh “ U{

?
gh) condition, or when the strut is connected to the bottom of the hull and is fully

wetted.
At low Fnh limits, the lift increases when approaching the free surface; at high Fnh conditions,
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the lift decreases when approaching the free surface. Ashworth Briggs [53] observed that for the
T-foil, both lift and drag forces approach an asymptote at an h{cmean of 1.7 at 2 m/s, which
corresponds to Fnh “ 1.4. Hence, the free surface effect on the steady force is minimal and can be
neglected at the h{cmean value of 3.4 used in this work.

To verify that the symmetry plane boundary condition effect is small on the T-foil in our
simulations with h{cmean “ 3.4, we perform analyses with the coarse foil mesh at four different
submergence depth values (h) by varying the distance between the foil and the symmetry plane at
4˝ angle of attack. These simulations include only the foil geometry and mesh; they do not include
the strut mesh. Figure 7 demonstrates the relative position between the symmetry plane and the
foil for each case. The CL and CD values for each case are listed in Table 2.

Figure 7: Foil position for each case at different distances from the symmetry plane.

Table 2: CL and CD values for four cases at different depths.

Re “ 1.6ˆ 106

h m h{cmean Fnh CL CD
0.2 1.7 10.0 0.311745 0.020016
0.3 2.6 8.1 0.301473 0.019865
0.4 3.4 7.1 0.298777 0.019821
0.5 4.3 6.3 0.297208 0.019862

The results show that, at an h{cmean of 3.4, the predicted lift and drag forces approach an
asymptote, which means that the symmetry plane effect is small on the foil. The difference between
the case with h{cmean “ 3.4 (h “ 0.4 m) and the case with h{cmean “ 4.3 (h “ 0.5 m) is only 0.5%
for CL and 0.2% for CD with the symmetry plane boundary condition. The symmetry plane effect
on the foil steady forces is small at the designed depth (h) of 0.4 m. Therefore, using a symmetry
plane boundary condition is an acceptable option for the current problem setup as a simplification
and a first step. At the current design water depth (h{c “ 3.4), it is also assumed that the mean free
surface has negligible effects on the pressure distribution and hence cavitating inception is affected
by the local absolute hydrostatic pressure only. Parkin et al. [73] observed that when h{c becomes
larger than two, the dynamic pressure distribution on the hydrofoil does not vary much. Although
their observation was limited to relatively low speeds, the large discrepancy between the current
design h{c and the previously investigated h{c value conserves enough margin for our assumption
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to be valid. However, we recommend a similar study at high-speed operating regimes in the future.
Other than steady forces and mean free surface effects, the free surface can interact with the tip
vortices and wake to affect the hydrofoil performance [53]. More appropriate boundary conditions
should be considered for more general hydrofoil operations.

3.4 Validation

As a preliminary comparison study, we perform analyses at U8 “ 4 m/s, which results in a
Reynolds number of 0.45ˆ 106 based on the mean chord, and compare the numerical results with
available experimental data (Re “ 0.48ˆ 106) presented by [53].

The comparison of the numerical results and experimental data is shown in Figure 8. We
compare results using both the coarse mesh and the fine mesh. As shown in Figure 8, the coarse
mesh underestimates the lift and overestimates the drag. As expected, the fine mesh compares
more favorably to the experiments.

The CD results in Figure 8 show an increasing discrepancy between the fine mesh data and
experimental data for both low and high angles of attack. There are two main reasons for this.
The first is the lack of a laminar to turbulent transition model in our simulations at low angles of
attack. Experiments for angles of attack less than 5˝ exhibit laminar flow [52], but our simulations
assume fully turbulent flow. At low angles of attack (α ď 4˝) and at low speeds (Re “ 0.48ˆ 106

in the experiment), flow is laminar and laminar separation is limited for the chosen NACA 0012
cross-section. Hence, the experimental data and the laminar result show lower CD than the fully
turbulent results at low angles of attack. To investigate this further, we perform a simulation with
laminar Navier–Stokes equations at α “ 0˝ with the fine mesh. This laminar result (shown in
diamond symbol) in Figure 8 is closer to the experimental data, which leads us to the conclusion
that the fully turbulent assumption is likely the cause of the discrepancy at α ď 4˝. At high angles
of attack, laminar separation might happen, and hence the drag increases significantly and exceeds
the turbulent simulation results. Additionally, the simulations underestimate the lift, as shown
by the CL results in Figure 8. As s result, the lift-induced drag is underestimated in the high
angle of attack range. Other factors contribute to the discrepancy between our numerical data and
experimental data. For example, the geometries can vary slightly, such as the junction treatment,
the strut chord, and the foil and strut trailing edge thickness values. Nevertheless, if we compare
the CL-CD results, the fine mesh results match well with the experimental data for α ą 4˝.

From the CL-CD plot in Figure 8, the trends (gradients) are similar in the CL ě 0.3 regime
between the coarse and the fine meshes. The fine mesh simulation for the baseline geometry is four
times more time-consuming than the coarse mesh simulation for the baseline geometry at the angle
of attack α “ 1˝. Despite the more accurate predictions given by the fine mesh, we use the coarse
mesh in later optimization for a more manageable computational cost.

3.5 Geometric variables and constraints

The geometric design variables include twist distribution, shape variables, and planform vari-
ables for the foil, which are shown in Figure 9. The planform variables correspond to the chord
and sweep of the foil. The red dots shown in Figure 9 are the FFD control points. We distribute
the streamwise FFD points uniformly. In the spanwise direction, we employed more control points
near the junction to have better control of the geometry manipulation, as shown in Figure 9. On
the outboard portion, the control point distribution is uniform.

The chord variables are defined relative to the reference axis at 0.1% chordwise position to keep
the leading edge straight as the design changes. Another reason for defining chord variables with
respect to the leading edge is to keep the position of the strut leading edge and foil leading-edge
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Figure 8: Comparison of numerical predictions and experimental data for the T-foil. The experimental data are
shown in open blue star symbols.

fixed relative to each other. As a result, the junction that connects the foil and the strut leading
edges remains valid, and the CFD mesh remains water-tight during the optimization. There are
three chord variables for the foil and one for the strut. Using a different reference axis for chord
variables can shift the foil’s leading edge from the strut, leading to an invalid junction line. A
linear constraint keeps the strut chord consistent with the foil root chord. The foil chord values
are linearly interpolated between the three chord variable stations. A monotonic decrease in the
chords is enforced from the center of the foil to the tip.

Using the FFD approach, we define twist variables to control the rotation of the FFD sections
about the reference axis, as shown in Figure 9. Since all global geometric variables defined on the
one FFD volume share the same reference axis, the twist distribution is also defined relative to the
reference axis at 0.1% chordwise position from the leading edge. While only three rotation arrows
are shown in the figure to demonstrate the twist sections, we consider the twist variation for each
spanwise segment in the optimization. Given the foil symmetry, there are eight twist variables in
total.

Sweep is also defined relative to the reference axis at 0.1% chordwise position from the leading
edge. The sweep variable λ moves the FFD sections along the streamwise direction, except for the
three sections at the junction. This is because shearing two adjacent sections relative to the middle
section can cause an invalid junction and a failed mesh.

We change the cross-sectional shapes by moving FFD control points vertically. We separate
the top control points from the bottom ones for the three middle sections because we constrain the
movement of these control points in some optimization cases to limit the design freedom on the
junction shape. We also conduct an optimization without this constraint on the junction shape
variables to investigate how designing the junction geometry improves performance.

The span variable stretches the spanwise position of the control points, elongating or shortening
the foil span accordingly. The rake variable emulates the angle of attack of the entire T-foil. It is
fixed to zero at the cruising condition and only has nonzero values at other flow conditions. We use
thickness constraints, leading-edge and trailing-edge constraints to ensure a practical geometry for
the optimal design, as illustrated in Figure 10. Finally, the projected area is constrained to ensure
that the foil loading is consistent with the overall craft design.

3.6 Cavitation constraint

We use the cavitation constraint as described in our previous work [36]. The cavitation sensor
is visualized in Figure 11. Cavitation occurs when the local absolute pressure is lower than the
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Figure 9: Geometric design variables.

Figure 10: Thickness constraints and leading- and trailing-edge constraints.
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saturated vapor pressure, which is equivalent to the negative pressure coefficient ´Cp being higher
than or equal to the cavitation number σ,

´Cp ě σ. (1)

The cavitation sensor X is defined as

X “

#

1 if ´Cp ě σ

0 if ´Cp ă σ
. (2)

This is a local quantity that can be computed for each CFD surface cell. To penalize more on the
cells with high ´Cp values and avoid negative function values, we use p´Cp ´ σq2 as the penalty
weight in the smoothed Heaviside function [36],

X̄ “
p´Cp ´ σq

2

1` e2kpCp`σ`γq
, (3)

where k is a free parameter that determines the transition sharpness and γ is a free parameter that
determines the transition shift. The cavitation constraint uses a sharpness (k) value of 10 and an
offset (γ) value of 0.2.
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Figure 11: Cavitation sensor used for the T-foil optimization.

The cavitation constraint is formulated as the integral of X̄ over the hydrofoil surface except for
the trailing edge surface due to numerical oscillations, which represents the total weighted surface
area that is susceptible to cavitation.

Ācav “
1

2Aref

ż

A
X̄dA, (4)

where Aref “ 2bcmean is the reference area, which is the product of the mean chord and span b, and
Ācav is the non-dimensional weighted cavitation-inceptive area. The cavitation sensor does not go
to zero, and thus we cannot enforce Ācav ď 0. Instead, we require

Ācav ď 2ˆ 10´5. (5)
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We scale both sides of this weighted cavitation-inceptive area constraint again by this limit
value 2ˆ 10´5 to formulate the actual constraint value used in the optimization,

Ācav

2ˆ 10´5
ď 1. (6)

This reformulation provides a constraint value around the order of one to make the optimization
problem well-posed. The cavitation constraints are only enforced on the foil surface because we
only consider shape variables for the horizontal foil.

3.7 Separation constraint

We use the separation constraint formulation developed by Kenway and Martins [74]. This
constraint uses flow reversal as the flow separation indicator. We assume that flow separation
occurs if the streamwise component of the flow velocity on the surface becomes negative. The
streamwise component is computed using

cos θ “
~U ¨ ~U8

|~U ||~U8|
, (7)

where ~U is the local surface velocity and θ defines the angle between the local surface velocity and
the inflow velocity ~U8. When cos θ becomes negative, i.e. when a reverse flow is detected, the
separation sensor is active, which is defined as

X “

#

1 if cos θ ď 0,

0 if cos θ ą 0.
(8)

Similarly to the cavitation constraint, we use a smooth Heaviside function to blend the discontinuity
of this original separation sensor to make it suitable for gradient-based optimization. The smooth
Heaviside function is given as

X̄ “
1

1` e2kpcos θ`γq
, (9)

where k and γ are parameters that determine the sharpness of the transition and the shift of the
function, respectively. The separation constraint uses a sharpness (k) value of 10 and an offset (γ)
value of 0.2. The separation sensor is integrated over a defined region where separation is likely
to occur. We then normalize this integral by the reference area, Aref “ 2bcmean, to yield the final
separation constraint metric,

Āsep “
1

2Aref

ż

X̄dA. (10)

We exclude the leading edge, the tip, and the front of the junction in the separation constraint
integration because negative streamwise velocity can naturally occur in these regions but does
not necessarily indicate flow separation. The surface where we apply the separation constraint is
the orange portion of the foil surface shown in Figure 12b. Like the cavitation constraint, this
separation metric is scaled by the target tolerance before it is provided to the optimizer. For
example, to prescribe Āsep ď 5ˆ 10´4, the constraint is added to the optimization problem as,

Āsep

5ˆ 10´4
ď 1. (11)
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(a) Strut component surface. (b) Foil component surface.

Figure 12: Surface groups for the T-foil. The orange surface represents the region where the separation constraint
is applied, which excludes the leading edge and the tip.

Table 3: Design conditions and their probabilities of operation (w) with a submergence depth of 0.4 m.

Number Condition U8 CL σ w

1 Maximum speed 18 m/s 0.2 0.6 15 %
2 Cruise speed 14 m/s 0.3 1.0 60 %
3 Hump speed 11 m/s 0.5 1.5 25 %
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3.8 Optimization problem formulation

We consider three flow conditions in the multipoint optimizations, as shown in Table 3. The
operating probability of each condition is included in the last column in Table 3.

The optimization problem is summarized in Table 4. For the baseline design, to match the
target lift, we first solve an optimization problem with a CL constraint with respect to a global
twist variable, where all sections follow the same change in twists. In subsequent studies, we
initialize the optimization problem with all twists set to the corresponding angle, so the lift is
matched at the initial point at the cruising condition. We assume that the T-foil operates with
the strut vertical. Therefore, we only consider two rake variables at the maximum speed and
hump speed conditions to adjust the loading at these design conditions. Cavitation and separation
constraints are enforced in each optimization case, while separation constraint is only enforced at
the highest CL condition.

Table 4: T-foil optimization problem description.

Description Lower Upper Units Quantity

Minimize
ř

wi ˆDragi Weighted total drag (foil and strut) – – N 1

with respect to s Shape (FFD control points) ´0.05 0.05 m 180
Twist ´10 10 deg 8

λ Sweep 0 10 deg 1
cfoil Foil chords 0.5c0 1.2c0 m 3
cstrut Strut chord 0.5c0 1.2c0 m 1
rfoil Foil rake ´5 5 deg 2
rstrut Strut rake ´5 5 deg 2
2b Span 0.9b0 2b0 m 1

Total number of design variables 198

subject to Lift coefficient 0.0 0.0 3
Fixed leading edge and trailing edge 30
Monotonic chord constraint 3

Ācav Cavitation constraint – 2ˆ 10´5 3
Āsep Separation constraint – 5ˆ 10´4 1
t2D Thickness constraint 0.6t0 – m 42
t1D Trailing edge thickness constraint t0 – m 32
S Projected area constraint 0.985S0 1.015S0 m2 1

Chord consistency constraint 2
Junction twist difference constraint 3
Symmetry shape constraint 84
Total number of constraints 204

3.9 Optimization cases

We set up three different optimization cases to investigate the trade-offs between delaying
cavitation, reducing flow separation, and reducing drag. These cases will also help determine how
different shape variables affect the flow and drag. When discussing the results, we first introduce
the “restricted junction” case and later compare it with the other two cases, “shape-only with
restricted junction” and “full optimization” to investigate the influence of the planform variables
and a finer junction shape manipulation on design performance. For the “restricted junction”
and “shape-only with restricted junction” cases, the shape variables at the junction restrict the
top FFD control points from moving up, and the bottom FFD control points only move down to
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avoid crossing the top and bottom surfaces. The difference between these two cases is that the
“shape-only with restricted junction” does not consider planform variables (chord, span, and sweep
variables). Contrary to these two cases with restricted freedom on the junction shape, the “full
optimization” case has unrestricted design freedom on the junction shape while also considering
planform variables.

4 Results

In Section 4.1, we first show the optimal result from the restricted junction design study and
compare this result with the baseline. We discuss how the design considerations of each condition
favor different shapes and how the optimizer handles the conflicting requirements and trade-offs. In
Section 4.2, we conduct two additional multipoint optimizations to investigate further how planform
variables and the detailed junction geometry influence the design. All optimizations converged to
an optimality tolerance of less than 9ˆ 10´4.

We show the final geometry and the metrics from different conditions for each result. We
compare drag coefficient (CD), pressure coefficient (Cp) contours, separation regions, spanwise lift
distributions, and structural performance between the baseline and the optimized designs.

4.1 Hydrodynamic optimization

To better resolve the conflicts between various design conditions and balance the trade-offs, it is
necessary to conduct multipoint optimizations because each design condition favors a different shape
for performance improvement. For example, if the same lift is maintained at different operating
speeds, cavitation is more likely to occur at high-speed (low σ) conditions. At the same time,
separation is more likely to occur at high CL conditions with lower operating speeds. As illustrated
in Figure 13, avoiding leading edge cavitation requires a cross-section shape that shifts the loading
towards the trailing edge to reduce the suction peak. However, such a load shift can increase
the adverse pressure gradient near the trailing edge and thus the likelihood of trailing edge flow
separation.

The multipoint optimization here considers all the design conditions listed in Table 3, as well as
cavitation and separation constraints at corresponding design conditions. We impose the separation
constraint at CL “ 0.5 only because flow separation is most likely to occur at the highest CL or α
design condition. Although the baseline violates the separation constraint at CL “ 0.3 (as shown
later in Figure 15), flow separation is avoided for the optimized design at CL “ 0.3 if separation is
constrained from occurring at a higher CL condition.

We first show and discuss the restricted junction optimization case in this section. Figure 14
shows the optimization convergence history of this restricted junction design. We show the planform
shapes and the front views of the junction region at selected iterations above the drag history to
show how these shapes evolve during the optimization. As shown in Figure 14, this design is driven
by the separation constraint at CL “ 0.5, and the cavitation constraints at CL “ 0.2 and CL “ 0.5.
As shown in the figure, the optimizer increases the junction thickness and creates a fairing at the
junction to prevent a local low-pressure region and thus avoid junction cavitation.

Additionally, the planform variables also help reduce drag and avoid junction cavitation and
separation. This multipoint optimization creates a planform that balances the trade-offs between
design conditions. The optimized T-foil has a longer span and a shorter tip chord than the baseline
to reduce 3-D losses and the lift-induced drag at higher CL conditions. On the other hand, this
design has a longer root chord that helps avoid junction cavitation and separation. First, the longer
root chord helps mitigate the junction cavitation by decreasing the local sectional lift coefficient
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Cavitation freeSusceptible to cavitation

Reduce suction peak

while maintaining lift

by shifting loading aft

High suction peak

susceptible to cavitation High adverse pressure gradient

can cause trailing-edge separation

Figure 13: Conflict between avoiding leading-edge cavitation and trailing-edge separation. The blue and red shades
represent Cp curves of two different hydrofoils that provide the same 2-D lift. The hydrofoil with blue shaded Cp

is susceptible to leading-edge cavitation due to a high suction peak. By shifting the load aft, the hydrofoil with
red-shaded Cp avoids leading-edge separation but is prone to trailing edge separation due to a high adverse pressure
gradient near the trailing edge.

while maintaining the load. Second, a longer root chord creates enough distance in the streamwise
direction to separate the maximum thickness locations of the foil and the strut while keeping
enough distance after the maximum thickness to attenuate the adverse pressure gradient. The
planform area constraint introduces a conflict between avoiding junction cavitation (increasing
the root chord) and reducing lift-induced drag (increasing span). As a result, the span does not
increase to its upper limit. Further decreasing the chord length might compromise the friction drag
reduction at the CL “ 0.2 condition. This is because longer chords reduce the average skin friction
and thus result in a lower skin friction drag for the same planform area as explained by Bons et al.
[71].

Figure 15 compares the baseline and the restricted junction design in more detail. The yellow-
shaded region indicates cavitation inception, whereas the green-shaded region in view A indicates
flow separation. Expectedly, the baseline experiences the most severe separation at CL “ 0.5, as
shown by the largest green-shaded region in Figure 15. Cavitation is a more significant issue at
CL “ 0.2 because of the lower σ at a higher speed. The surface Cp contours and the streamlines
show that the optimized T-foil avoids separation and delays cavitation at all design conditions. The
optimizer modifies the cross-sectional geometry to shift the streamwise loading towards the trailing
edge to reduce the suction peaks and avoid cavitation.

Although this optimized T-foil significantly delays cavitation compared to the baseline, there
remains a cavitation-prone area near the leading edge, as shown by the yellow-shaded region in
view B in Figure 15 and by the ´Cp ą σ observed in the sectional pressure plot in the lower portion
of Figure 15 for CL “ 0.2 at y{b “ 0.5 and y{b “ 0.9. This leading-edge pressure side cavitation
occurs due to the higher camber and lower twist angle. The cavitation constraint tolerance that we
chose allows the design to have this minor leading-edge pressure side cavitation on the outboard at
CL “ 0.2 when the junction cavitation is completely avoided. If we decrease the cavitation tolerance
at CL “ 0.2, the small outboard leading-edge region prone to cavitation could be avoided, albeit
with a drag penalty. Nevertheless, this cavitation-prone area is minor and the restricted junction
optimized T-foil achieves a total weighted drag reduction of 3.9% compared to the baseline over all
three design conditions.
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Figure 14: Optimization histories of the restricted junction optimization. The planform shapes and the front view
of the junction region of the T-foil at selected iterations are shown above the objective iteration history. The total
CPU time for the optimization considering three conditions is 4 days using 240 cores (2.1 GHz Intel Xeon Platinum
8160).
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Figure 15: Comparison of surface pressure coefficient contours on the top and cross-sectional shapes and sectional
pressure distributions on the bottom for the baseline and the restricted junction multipoint optimized T-foil. The
yellow region represents the area that is susceptible to cavitation. The green shade indicates separation. The
multipoint optimization with restricted junction reduces the drag by 1.5% (CL “ 0.2), 3.8% (CL “ 0.3), and 8.1%
(CL “ 0.5). The restricted junction design flattens the trailing edge near the junction to delay separation at the high
CL condition, as shown by the cross-sectional shape and pressure coefficient curves at y{b “ 0.1.
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4.2 Comparison of different multipoint optimizations

We conduct two additional multipoint optimizations to investigate how the planform variables
and more design freedom at the junction benefit the design. The first additional case has the same
design variables as the restricted junction optimization, except that it does not consider planform
variables. We will refer to this case as “shape-only with restricted junction” or “shape-only” for
brevity. The second additional case has more freedom to change the junction shape than the
restricted junction optimization shown in the previous subsection. Specifically, the control points
along the top and bottom of the junction region can move both up and down without the direction
limitation based on their position on the FFD volume, and the foil planform is allowed to change.
We will refer to this case as “full optimization”. We summarize all the multipoint optimization
results in Table 5 and compare the total drag and foil drag reduction weighted by the probability
of operation as shown in Table 3. The baseline and the multipoint optimized design geometries are
shown in Figure 16. The surface Cp contours and streamlines are compared in Figure 17. Figure 18
compares the sectional shapes and Cp curves. Spanwise normalized lift distributions are shown in
Figure 22.

Table 5: Summary of multipoint optimization cases. The drag values are the average drag over the three operating
conditions weighted by the probability of operating as shown in Table 3. The planform dimension variables are shown
as the ratios relative to the baseline.

Performance Planform variables

Case name Total drag [N] Total drag reduction Foil drag [N] Foil drag reduction Span Root chord Middle chord Tip chord

Restricted junction 248 3.9% 149 16.8% 1.03 1.15 0.90 0.58
Shape-only with restricted junction 254 1.6% 175 2.3% – – – –
Full optimization 242 6.4% 145 18.9% 1.06 1.07 0.92 0.60

The shape-only with restricted junction design has higher total weighted drag than the restricted
junction design and the full optimization design because it lacks planform variables and has limited
freedom to shape the junction. As shown in Table 5, the substantial difference in drag reduction
between the restricted junction and the shape-only designs illustrates the importance of planform
variables in the design.

The full optimization design achieves a planform shape similar to that of the restricted junction
design because they have similar freedom in planform design variables, as shown in Figure 16. The
restricted design has a longer root chord and thicker cross sections near the junction as a result
of avoiding junction cavitation, reducing flow separation, and the limited junction shape freedom.
To avoid the junction cavitation, the optimizer shifted the maximum thickness location of the
foil away from the maximum thickness location of the strut. The junction shape restriction only
allows the shift of the maximum foil thickness location by increasing the thickness. Meanwhile,
this maximum thickness increase requires a longer distance in the streamwise direction after the
maximum thickness location to avoid a high curvature and associated adverse pressure gradient.
Consequently, the restricted design has a higher total weighted drag than the full optimization
design. The full optimization design achieves about 2.5% higher drag reduction than the restricted
junction design (see Table 5).

Figures 17 and 18 compare the cavitation and separation behaviors between cases in more
detail. The shape-only design avoids cavitation at the two higher CL conditions (except for minor
leading-edge suction side cavitation at CL “ 0.5). However, it is still susceptible to cavitation at
the junction at CL “ 0.2. Note that this junction cavitation can cause material erosion and increase
stress fluctuations of the critical junction, which will accelerate fatigue, and the resultant damage
is costly to fix.
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Figure 16: Geometry comparison between multipoint optimization results. The light gray shape is the baseline
geometry. Six foil slices are selected to show the cross-sectional shapes along the span. One slice is selected on the
strut to show the strut chord change. The selected slices on the strut are at different locations for the baseline and
the optimized T-foils to distinguish between the baseline and the optimized hydrofoil strut chord lengths.
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The maximum thickness increases close to the junction to create a smooth transition that
delays cavitation. However, the distance between the maximum thickness location of the strut and
the maximum thickness location of the foil was not enough to avoid junction cavitation altogether.
Without chord variables, the shape-only design cannot rely on increasing root chord to help mitigate
junction cavitation and separation. The curvature after the maximum thickness point has to
decrease significantly to attenuate the adverse pressure gradient and avoid separation due to the
thickness increase. The suction and pressure side Cp curves near the trailing edge at the inboard
portion (y{b “ 0.1) almost overlap to avoid separation. The cross-sectional shapes in Figures 16
and 18 also show that the shape-only design has a flat trailing edge along almost the entire span.
Without planform variables, satisfying separation constraint requires a near-zero loading near the
trailing edge, even at positions away from the junction.

Restricted junction

Shape-only with restricted junction

Full optimization

CL “ 0.2 σ “ 0.6

CD “ 0.0247

CD “ 0.0248

CD “ 0.0241

CL “ 0.3 σ “ 1.0

CD “ 0.0293

CD “ 0.0301

CD “ 0.0287

CL “ 0.5 σ “ 1.5

CD “ 0.0406

CD “ 0.0432

CD “ 0.0394

Figure 17: Comparison of surface pressure coefficient contours and streamlines between multipoint optimized T-
foils. The yellow region represents the area that is susceptible to cavitation. Separation has been avoided for all
the cases shown, and hence no green shaded region is shown in this figure. The shape-only with restricted junction
design reduces the drag by 1.1% (CL “ 0.2), 1.4% (CL “ 0.3) and 2.3% (CL “ 0.5) compared to the baseline. The
full optimization design provides better overall performance because it has more freedom to shape the junction. The
full optimization design reduces the drag by 3.9% (CL “ 0.2), 6.3% (CL “ 0.3) and 10.9% (CL “ 0.5) compared to
the baseline.

Unlike the shape-only design, the restricted junction design and the full optimization design
do not exhibit zero loading over a significant portion near the trailing edge but can still avoid
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Figure 18: Comparison of cross-sectional shapes between different multipoint optimized T-foils. The full optimiza-
tion design (red dashed lines) and the restricted junction (green dotted lines) have a higher camber but lower twist
across the span compared to the shape-only with restricted junction (solid blue lines) designs. The full optimization
design can avoid junction cavitation and trailing edge separation at all three design conditions while reducing more
drag. With more freedom at the junction shape, the full optimization design can better utilize junction shape and
camber to achieve an optimal load distribution that balances the cavitation and separation requirements at the high
CL condition.

separation. This is attributed to the root chord increase and achieving an optimal camber (shape)
at the junction and thus an optimal streamwise pressure gradient and loading distribution. Not
having to sustain zero loading near the trailing edge, the restricted junction design and the full
optimization design can move more loading aft and achieve a much higher cavitation inception
speed. As shown in Figure 18, the full optimization design and the restricted junction have a much
lower ´Cpmin (suction peak) compared to the shape-only design. Allowing the strut planform and
cross-sectional geometries to change together helps avoid cavitation at the junction.

By allowing more freedom on the junction shape, the full optimization design can move the
maximum foil thickness location and produce ideal curvature after the maximum thickness point
without excessively increasing the maximum thickness and the root chord length. As a result, the
full optimization design avoids cavitation at the junction for all three CL conditions while achieving
a higher drag reduction. However, it has slight leading-edge pressure side cavitation at outboard
sections similar to the restricted design, as indicated by the ´Cp ą σ observed in the red dashed
line for CL “ 0.2 in Figure 18. Higher design freedom on the junction geometry benefits cavitation
performance and separation performance.

To evaluate the cavitation performance over a wider range, we plot cavitation inception speeds
versus allowable loading for all three multipoint optimization cases in Figure 19. This type of plot
is called a cavitation bucket, although the bucket is plotted upside-down. The design can operate
cavitation-free under the conditions inside the cavitation bucket, while cavitation occurs outside
the bucket. Leading-edge suction side cavitation typically occurs when operating on the right side
outside the cavitation bucket. In contrast, leading-edge pressure side cavitation typically occurs
when operating on the left side outside the bucket. Mid-chord cavitation is likely to occur when
operating on the top outside of the cavitation bucket bottom. The junction cavitation occurrence
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might complicate the interpretation of the cavitation mechanism from the cavitation bucket plot.
We run analyses for the optimized T-foils with the nominal inflow velocity and then extract the

Cpmin from the solution to compute the cavitation inception speed with the formulation:

Ucav “

d

p´ pvapor
0.5ρp´Cpminq

, (12)

where p is the ambient pressure, pvapor is the saturated vapor pressure, and ρ is the water density.
We compute the loading values from the cavitation inception speeds and the corresponding CL. The
tips and the trailing edge were excluded when extracting the Cpmin to avoid the artificial extreme
values caused by the CFD discretization. As shown in Figure 19, the restricted junction design and
the full optimization design have similar cavitation buckets. Both can sustain higher loading than
the shape-only design at the same cavitation number. Although all designs are cavitation-free at the
cruising point, the safety factor is higher for the restricted junction design and the full optimization
design (further inside the bucket boundary), which is preferred because of the higher safety margin
at sea. In addition, even though all three designs are susceptible to cavitation at the maximum
speed condition, the shape-only design has severe junction cavitation. In contrast, the restricted
junction design and the full optimization case only have leading-edge pressure side cavitation in a
limited small region. This is also the reason for the difference in the distance from the cavitation
bucket boundary. At the highest CL condition with 25% operating probability, leading-edge suction
side cavitation occurs for the shape-only design because of high twist angles; however, this is not a
problem for the other two designs.

We focus on the positive lift range, so the optimized T-foils exhibit better performance in the
positive loading range. In contrast, the cavitation performance degrades significantly when oper-
ating towards zero or negative loading range and becomes even worse than the baseline. Figure 20
shows the sectional Cp curves that correspond to the data shown in Figure 19. A darker line rep-
resents the result of a higher angle of attack. At lower α, the three cases have similar Cp ranges,
so the difference in cavitation inception speeds is mainly caused by the cavitation at the junction.
At high α, the restricted junction and the full optimization designs have higher cavitation incep-
tion speeds because of lower suction peaks at the leading edge in the outboard portion than the
shape-only design.

To compare the efficiency across a broader range, we plot the CD versus CL, as shown in
Figure 21. Similar to the observation in Figure 17, the shape-only with restricted junction has the
highest drag over nearly the entire positive lift range. The full optimization design has the lowest
drag. This is mainly because the full optimization design has optimal lift distribution, reduced
thickness near the junction, and shorter root and strut chords.

Next, we compare the spanwise normalized lift, Cl (total sectional lift coefficient), Cd (total
sectional drag coefficient), twist, and chord distributions between these multipoint optimizations
in Figure 22. The restricted junction and full optimization designs have similar normalized lift
distributions; both are closer to the elliptical distribution than the shape-only design. Hence,
both optimization cases with planform variables achieve a lower lift-induced drag than the shape-
only design. The spanwise normalized lift distribution of the shape-only design is wavy because
the requirement of reducing loading near the junction leads to a sudden variation in the loading
distribution. Without planform variables and enough freedom to optimize the junction shape, the
optimizer has to reduce the loading near the junction to delay cavitation and separation for the
shape-only design. From the Cd distribution, the Cd of the restricted junction and full optimization
designs are lower than the shape-only design on average.

Despite the similar spanwise lift distributions, the restricted junction design has a slightly lower
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Figure 19: Dimensional cavitation buckets plotted up-side-down for the baseline and the three optimized designs.
At a similar cavitation inception speed, the restricted junction design and the full optimization design can carry
higher loading than the shape-only design at the design condition range. The orange symbols represent the design
conditions. The probability of operation of each design condition is listed next to the corresponding symbol.
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(b) Shape-only with restricted junction
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Figure 20: Sectional Cp curves at α values ranging from ´4˝ to 4˝. The line darkness increases with α. During
the design condition range, the cavitation inception speeds of the restricted junction design are mainly limited by
the cavitation at the junction. At high α, the restricted junction design and the full optimization design have lower
suction peaks than the shape-only design.
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Figure 21: Lift-drag polars for multipoint optimized hydrofoils at the nominal inflow condition with U “ 14 m/s.
The full optimization design has the lowest drag for CL ě 0.2.

Cl near the junction because of a longer root chord. This lower Cl helps mitigate the junction
cavitation when the junction shape change is limited.
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Figure 22: Spanwise normalized lift, Cl (total sectional lift coefficient), Cd (total sectional drag coefficient), twist,
and chord distributions of multipoint T-foil optimizations.
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4.3 Evaluation with the fine mesh

Because we use the coarse mesh in the optimizations for computational efficiency, we verify the
performance improvement of the optimal designs and compare them to the baseline using the fine
mesh. Figure 23 compares the cavitation loading buckets and Figure 24 compares the drag polars.

As shown in Figure 23, when evaluating with the fine mesh, the cavitation performance is
similar to the results obtained with the coarse mesh. The optimized T-foils have higher cavitation
inception speeds in the design condition and a higher lift range than the baseline. On the other
hand, the baseline T-foil has higher cavitation inception speeds around zero or negative lift ranges;
such a design would not be useful for a foil but useful for a strut. We focus on a positive lift
design range in this paper. Hence, the optimized result has a non-symmetrical section for the foil
and a cavitation bucket that is skewed towards positive loading. The cross-section of the strut
is unmodified except locally near the junction and is symmetrical. However, a design with high
cavitation inception speeds around zero lift might be preferred in certain circumstances, such as for
rudders and other control surfaces, whose sections and cavitation buckets are typically symmetrical.
Eppler and Shen [21] commented that it is difficult to find a hydrofoil section that performs well
for all applications. Since each section has its pros and cons, the choice should be based on the
actual operating conditions.
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Figure 23: Cavitation bucket comparison between the coarse mesh and the fine mesh of the baseline and the three
optimized T-foils. No significant difference is observed between the coarse and fine mesh results for all four T-foils.
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The drag polar comparison in Figure 24 shows the lift-drag relation for the fine mesh shown
in thick lines follows the same trend as the results from the coarse mesh shown in thin lines for
all four T-foils. The drag polar curves of the fine mesh show a constant downward offset from the
coarse mesh results for all the cases, confirming that the gradients are similar between the coarse
and fine mesh. The optimized T-foils still have lower drag than the baseline for 0.2 ď CL ď 0.5
when evaluating the fine mesh.
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Figure 24: Drag polar comparison between the coarse mesh (thin lines) and the fine mesh (thick lines) for all four
T-foils. A similar horizontal shift in drag coefficient is observed for the fine mesh for all four T-foils. The trends of
different T-foils are similar between the coarse mesh and fine mesh results.

As shown in Figure 25, all three optimized T-foils can significantly reduce separation compared
to the baseline when evaluated with the fine mesh, with the restricted design and the full opti-
mization design showing similarly low suction peaks. The relative performance improvements in
drag, separation, and cavitation are maintained between these T-foils obtained using the fine mesh
compared to the coarse mesh results, demonstrating the validity of using the coarse mesh in the
optimizations.

4.4 Structural performance of the optimized T-foils

Because we only consider hydrodynamic performance in the optimization, we perform hy-
drostructural analyses of the multipoint optimization results at the nominal cruising condition
CL “ 0.3 to see how the optimized T-foils perform structurally compared to the baseline. We
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(a) Baseline (b) Restricted junction

(c) Shape-only with restricted junction (d) Full optimization

Figure 25: Rear view of the flow streamlines at the junction of the fine mesh analyses at CL « 0.38 for all four
T-foils. The optimized T-foils still show reduced separation compared to the baseline when being evaluated with the
fine mesh. The yellow region represents the area that is susceptible to cavitation, and is only visible for the baseline
foil.
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extract the geometries from the hydrodynamic optimization results and create structural meshes
based on the optimized geometries. The structural material is assumed to be aluminum alloy
6061 for all four T-foils. The properties are listed in Table 6. Figure 26 shows the von Mises
contours non-dimensionalized by the material yield strength, f , of the baseline and the optimized
T-foils, including both the undeformed and deformed shapes. The maximum failure indicator fmax,
nondimensional tip deflection δtip{h, and the tip twist θtip are listed in the figure captions.

The cross-sectional shape near the fmax position is extracted and shown behind the T-foil as
a 2-D blue shape in Figure 26. All optimized T-foils have a higher fmax and higher deformations
than the baseline because of the thickness reduction. The restricted junction design and the full
optimization design have a nose-down tip twist because their centers of pressure shift towards the
trailing edge (as the loading shifts aft because of the change in camber distribution) compared to
the shape-only with restricted junction design, as shown in Figure 18. The fmax locations of the
optimized T-foils correspond to the minimum thickness location in the cross-sectional shape, as
shown in Figure 26.

Although fmax increases for all optimized T-foils, the stress at the junction decreases compared
to the baseline because of the resultant junction fairing and the thickness increase at the junction.
Since the baseline does not have a fillet at the junction, the high stress could result from the sin-
gularity at the sharp corner. The shape-only design has a similar fairing thickness to the restricted
junction design at the junction. However, a higher fmax than the restricted junction design because
the center of lift moves towards the tip for the shape-only design, leading to a higher bending
moment, as shown previously in Figure 22.

As shown in Figure 26, the fmax does not exceed unity, which means that the optimized T-foils
are safe with respect to the yield strength (although no safety factor has been applied). However,
cyclic loading and load fluctuations are expected for marine structures, and hence, fatigue strength
should be used instead of yield strength with the appropriate safety factor. These hydrodynamic-
optimized T-foils would not satisfy the fatigue strength requirement if they were constructed with
aluminum alloy 6061. Additionally, the higher δtip of the optimized T-foils suggests accelerated
fatigue compared to the baseline because excessive tip deformation can lead to severe flow-induced
vibration and dynamic load amplification issues. Hence, hydrostructural optimization is recom-
mended for future designs.

Table 6: Aluminum 6061 material properties

Symbol Description Value Units

ρal Solid density 2700 kg/m3

E Young’s modulus 69 GPa
ν Poisson’s ratio 0.33 –
σyield Yield strength 276 MPa

In addition to the static hydrostructural analyses, we analyze the structural (in-air) modes of
the baseline and the multipoint optimized T-foils to assess their dynamic performance. Figure 27
compares the first four modes of the baseline and the multipoint optimized T-foils. The mode
shapes of the T-foils are governed by the basic configuration, so these four mode shapes are similar
between the T-foils. The strut governs the first three modes, so the in-air natural frequencies of
these three modes do not vary significantly between the baseline and the optimized T-foils. The first
mode of all the optimized T-foils has a slightly higher natural frequency than the baseline because
of the increased strut bending stiffness due to a longer strut chord and a decreased moment of
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(a) Baseline
fmax = 0.37
δtip{h “ 0.01
θtip “ 0.06˝

(b) Restricted junction
fmax = 0.45
δtip{h “ 0.025
θtip “ ´0.24˝

(c) Shape-only with restricted junction
fmax = 0.62
δtip{h “ 0.035
θtip “ 0.15˝

(d) Full optimization
fmax = 0.54
δtip{h “ 0.031
θtip “ ´0.26˝

Figure 26: Nondimensional von Mises stress (based on yield strength) contour comparison between the baseline
and the multipoint optimized T-foils at nominal CL “ 0.3 condition. The undeformed shape is shown in gray. The
optimized hydrofoils have higher stresses slightly away from the vertical mid-plane because of the resultant fillet
at the junction and the corresponding reduced thickness away from the junction. This thickness reduction can be
observed in the chordwise slice projection along the orange line and shown behind the T-foil in light blue shape.
Despite this higher maximum stress, the optimized hydrofoil has a less stress concentration at the junction because
of the increased thickness and smoother transition at the junction, which reduces the singularity effect.
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inertia relative to the strut root due to a foil mass reduction. Similarly, the second modes of the
optimized T-foils have higher natural frequencies than the baseline. The third modes are x-axis
rotation modes about the junction. The third mode in-air natural frequencies of the optimized
T-foils remain approximately the same as the baseline because the relative change of the stiffness
and moment of inertia is small. The difference is more prominent for higher modes determined
by the horizontal foil, such as the fourth mode. The optimized T-foils have much lower natural
frequencies than the baseline because of the reduced foil thickness. The smaller gaps between the
frequencies of the higher-order modes of the optimized T-foils may make the optimized T-foils more
susceptible to frequency coalescence in water.

This in-water mode coalescence is more likely to occur between the second and the third mode
because the motion-dependent added mass effect causes a more significant reduction in the bending-
dominated third modal frequencies than in the twisting-dominated second modal frequencies, fur-
ther decreasing the gap. This modal frequency coalescence can lead to significant dynamic load
amplification, damping ratio reduction, and flow-induced vibrations, eventually resulting in acceler-
ated fatigue and other types of structural failures [12, 75, 76]. The potential frequency coalescence
and the corresponding impacts highlight the need for the dynamic hydrostructural performance
assessment in water to avoid modal coalescence and flutter [77, 78].

In this paper, we develop methods to optimize hydrodynamic lifting surfaces, including junction
shape variables, foil cross-section, and planform variables. This is the first step toward designing
more complex hydrodynamic configurations. We conduct hydrodynamic optimizations of a canon-
ical T-shaped hydrofoil-strut system with RANS simulations and consider many design variables
(198) with constraints limiting cavitation and separation. This T-shaped hydrofoil-strut system
consists of a vertical strut and a horizontal foil, both contributing to the total drag of the system.

We performed three multipoint optimizations to investigate how the planform shape and the
junction shape impact the performance. We showed the importance of considering many design
shape variables, including junction shape. We also investigated the trade-offs between delaying
cavitation and separation and reducing drag at high speed and high lift conditions. In the first
case, we consider planform variables but limit the freedom of the junction shape change. The
second case has no planform variables, and the junction shape change is also limited. In the third
case, planform variables and junction geometry change freely (called full optimization design). All
multipoint optimizations created a fairing and moved the maximum foil thickness location away
from the maximum strut thickness location to delay junction cavitation and modified the foil cross-
section geometry to delay separation.

With planform variables, the restricted junction design and the full optimization design can
increase the root chord length to help remove junction cavitation at CL “ 0.2 and avoid separation
at a higher CL by adjusting the maximum thickness location while maintaining enough distance
for a low curvature after the maximum foil thickness location.

With more freedom on the junction shape design, the full optimization design can move the
maximum foil thickness location relative to the maximum strut thickness location without exces-
sively increasing the thickness near the junction, and hence it does not need to increase the root
chord as much as the restricted junction design to keep the curvature after the maximum thickness
point low enough. The full optimization achieves the largest drag reduction among the multipoint
optimizations and delays cavitation and separation most effectively. Compared to the baseline, the
full optimization design achieves a total drag reduction of 6.4% and a foil drag reduction of 18.9%.
The total drag reduction is lower than the foil drag reduction because the current setup did not
include strut planform variables. The optimization leads to a longer strut chord and higher strut
drag.

Because we mainly optimize the shape of the horizontal foil and the junction, the strut geometry
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(b) Restricted junction
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Figure 27: Comparison of first four mode shapes and modal frequencies between the baseline and the multipoint
optimized T-foil designs at CL “ 0.3. These mode shapes are governed by the basic configuration, so the first four
mode shapes of the optimized T-foils are similar to the baseline one. The first three modes are governed by the
strut, so the in-air natural frequencies of these three modes do not vary significantly between the baseline and the
optimized T-foils. For higher modes where the horizontal foil governs, such as the fourth mode, the difference is more
prominent. Due to the reduced thickness, the fourth modes of the optimized T-foils have much lower in-air natural
frequencies than the baseline. The smaller gap between the frequencies of the higher modes of the optimized T-foils
might cause the optimized T-foils to be more susceptible to frequency coalescence in water.
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is not optimal. Further drag reduction and cavitation delay could be achieved by allowing more
strut geometric variables to change, such as the cross-sectional shape and chord variations along
the strut span. The comparison between these three multipoint optimizations shows that the
junction shape, the foil shape, and planform variables can significantly improve the performance.
These three optimization cases also demonstrate the importance of the relative position between
the maximum foil thickness and the maximum strut thickness in avoiding junction cavitation. This
suggests that the relative translation of the foil and the strut is a critical design variable for such
a T-foil design.

Analyzing the optimized results obtained using a coarse mesh, using a finer mesh shows that
the cavitation performance is similar between the two levels of meshes. Additionally, the drag
polars predicted by the coarse mesh followed similar trends to those obtained with the fine mesh,
demonstrating that the coarse mesh can be used in gradient-based optimization of the T-foil,
including junction shape variables, to minimize CPU time requirements.

Hydrostructural analyses show that these hydrodynamic-optimized T-foils can experience higher
deformation and possibly accelerated fatigue failure due to higher flow-induced deformation and
vibrations. This highlights the need to consider hydrostructural responses for these T-foil designs.
Additionally, the modal analysis results suggest that the optimized T-foils might be susceptible to
dynamic load amplifications and even instabilities caused by frequency coalescence of the higher-
order modes in water. This is because the reduced foil thickness significantly decreases the frequency
gaps between the higher-order modes with low damping. This modal analysis comparison suggests
that dynamic response prediction in water can be critical for these designs.

The optimization studies and discussions help us understand the physics of a T-shaped hydrofoil-
strut system and provide valuable insights for designers for general hydrodynamic lifting surfaces.
The developed methodology is useful for designing next-generation complex hydrodynamic lifting
surface systems.
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