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. The coupled hydrostructural tool has been integrated with the adjoint method to enable efficient high-fidelity, optimization with large number of shape design variables. The coupled hydrostructural optimization study for an unswept, cantilevered, tapered 3-D NACA 0009 hydrofoil made out of solid aluminum was carried out. A total of 210 shape design variables were used in the optimization study, with constraints on the lift coefficient (C L ), cavitation number, and maximum stress (based on the fatigue strength of aluminum). The hydrostructurally optimized foil results in an increase in efficiency (C L {C D ) of 12.4%, a reduction in foil mass of 7.3%, and an increase in cavitation inception speed by 45%, over the original NACA 0009 hydrofoil, while satisfying the cavitation constraint and the maximum stress constraints.

INTRODUCTION

The shape of a vehicle that moves within a fluid (air or water) has a large impact on the vehicle performance. Typically, a low drag and mimimal weight are desired, and in many cases, a certain amount of lift is required. The development of computational fluid dynamics (CFD) based aerodynamic shape optimization over the last few decades has been motivated by these goals, and has had a large influence on how aircraft are designed [START_REF] Hicks | Wing design by numerical optimization[END_REF][START_REF] Jameson | Aerodynamic design via control theory[END_REF]. However, these developments have not been utilized to their full extent in maritime applications, such as marine propulsors, turbines, hydrofoils and control surfaces. As 90% of the world trade still happens by maritime transportation, the energy-efficiency of maritime transport can be critical to the global sustainability as well as economic growth worldwide.

Over the last decade, significant advances have been made in the design and analysis of marine propulsors. However, most of the tools in the literature either only considered hydrodynamic effects, use low-fidelity methods, or use high-fidelity methods with few design variables (typically less than 15). Researchers have performed hydrodynamic shape optimization of hydrofoils using potential flow methods without cavitation consideration [START_REF] Hsin | Application of the panel method to the design of two-dimensional foil sections[END_REF] and with cavitation consideration [START_REF] Brockett | Minimum pressure envelopes for modified NACA-66 sections with NACA A= 0.8 camber and buships type 1 and type 2 sections[END_REF][START_REF] Eppler | Wing sections for hydrofoils-Part 1: Symmetrical profiles[END_REF][START_REF] Sa Kinnas | Nonlinear analysis of viscous flow around cavitating hydrofoils[END_REF][START_REF] Mishima | A numerical optimization technique applied to the design of two-dimensional cavitating hydrofoil sections[END_REF]. Few researchers also carried out high-fidelity hydrodynamic shape optimization for hydrofoils, naval vehicles, and catamarans [START_REF] Wilson | Hydrodynamic shape optimization for naval vehicles[END_REF][START_REF] Campana | Simulation-based design of fast multihull ships[END_REF][START_REF] Mateusz M Pluciński | Optimization of a self-twisting composite marine propeller using genetic algorithms[END_REF][START_REF] Nelson | Simultaneous optimization of propeller-hull systems to minimize lifetime fuel consumption[END_REF]. They used gradient-free algorithms for optimization, which limited the number of design variables to less than 15 due to the large number of function evaluations compounded with the high computational cost of high-fidelity solvers. The challenge of performing high-fidelity hydrody-namic shape optimization with respect to large number of design variables (¡ 200), with consideration for cavitation, has been tackled in Garg et al. [START_REF] Garg | High-fidelity hydrodynamic shape optimization of a 3-D hydrofoil[END_REF][START_REF] Garg | High-fidelity hydrodynamic shape optimization of a 3-d morphing hydrofoil[END_REF] through the use of gradient-based algorithms together with the adjoint method to efficiently compute the required gradients. In Garg et al. [START_REF] Garg | High-fidelity hydrodynamic shape optimization of a 3-D hydrofoil[END_REF], the authors concluded that an efficient high-fidelity hydrodynamic shape optimization method capable of handling large number of design variables is necessary to get a fully converged optimal design for highly loaded conditions, where viscous effects may not be negligible.

In aircraft wing design, Kenway et al. [START_REF] Kenway | Multipoint high-fidelity aerostructural optimization of a transport aircraft configuration[END_REF] carried out coupled aerostructural optimization of the Common Research Model (CRM) wing, with 472 geometric and structural variables and 57 constraints. They minimized the fuel burn subject to lift, pitch moment, geometric and structural constraints. The optimization minimized the fuel burn by up to 11.2%. While the aerostructural optimization has been successfully applied in aircraft wing design, maritime applications bring additional challenges such as higher loading, stronger fluidstructure interaction, as well as the potential susceptibility to free-surface, cavitation, and hydroelastic instabilities.

Previously, some research has been carried out to optimize the design of composite marine propellers, using potential flow methods to compute hydrodynamic performance and the Finite Element Analysis (FEA) to compute the structural performance [START_REF] Motley | Integrated probabilistic design of marine propulsors to minimize lifetime fuel consumption[END_REF][START_REF] Liu | Utilization of bend-twist coupling for performance enhancement of composite marine propellers[END_REF]. Plucinski et al. [START_REF] Mateusz M Pluciński | Optimization of a self-twisting composite marine propeller using genetic algorithms[END_REF] carried out optimization of self-twisting marine propeller for many inflow conditions, using a coupled Boundary Element Method (BEM)-Finite Element Method (FEM). However, as they used gradient-free genetic algorithm as the optimizer, the number of design variables were restricted to the ply angles and their stacking sequence for the composite propellers. They also did not include any shape design variables. In [START_REF] Motley | Performance-based design and analysis of flexible composite propulsors[END_REF], Motley et al. carried out global performance-based design and analysis for rigid and flexible marine propellers, also using 3-D coupled boundary element method-finite element method (BEM-FEM). Thus, there is a need for an efficient, highfidelity 3-D coupled hydrostructural design optimization tool that can handle the large number of design variables and can enforce constraints on the maximum stress, as well as avoid or delay cavitation.

OBJECTIVES

The objective of this work is to present an efficient highfidelity hydrostructural optimization tool for 3-D lifting surfaces operating in viscous and nearly incompressible fluids, with consideration of cavitation and maximum allowable stress. An unswept, cantilevered, tapered NACA 0009 hydrofoil is presented as a canonical representation of more complex lifting surfaces like propellers, turbines, and other control surfaces.

METHODOLOGY

The tool used for optimization is modified from the Multidisciplinary Design Optimization (MDO) of Aircraft Configurations with High-fidelity (MACH) [START_REF] Gaetan | Scalable parallel approach for highfidelity steady-state aeroelastic analysis and derivative computations[END_REF][START_REF] Kenway | Multipoint high-fidelity aerostructural optimization of a transport aircraft configuration[END_REF]. The MACH framework has the capability of performing static aeroelastic (aerostructural) optimization that consists of aerodynamic shape optimization and structural optimization. In [START_REF] Garg | High-fidelity hydrodynamic shape optimization of a 3-D hydrofoil[END_REF], the MACH framework was extended for hydrodynamic shape optimization of lifting surfaces in viscous and nearly incompressible flows, with consideration for cavitation. Fluids and structures are tightly coupled disciplines in marine propulsor design, as slight changes in the geometry can lead to significant changes in the hydrodynamic performance and internal stress distributions. The focus of this work is to present stateof-art high-fidelity hydrostructural optimization, with large number of design variables. The hydrostructural optimization tool can be divided into following components: CFD solver, structural solver, geometric parametrization, mesh perturbation, load and displacement transfer algorithm, and optimization algorithm.

CFD Solver

The CFD solver used in this paper is Stanford University University of Michigan multi-block Automatic Differentiation solver (SUMad) [START_REF] Van Der Weide | Unsteady turbomachinery computations using massively parallel platforms[END_REF]. SUMad is a finite-volume, cell centered multi-block solver for the compressible flow equations, and is already coupled with an adjoint solver (explained in Section 2.6) for optimization studies [START_REF] Lyu | RANS-based aerodynamic shape optimization of a blended-wing-body aircraft[END_REF]. The Jameson-Schmidt-Turkel [START_REF] Jameson | Numerical solutions of the euler equations by finite volume methods using Runge-Kutta time-stepping schemes[END_REF] scheme (JST) augmented with artificial dissipation is used for spatial discretization. An explicit multistage Runge-Kutta method is used for the temporal discretization. The one-equation Spalart-Allmaras (SA) [START_REF] Spalart | A one-equation turbulence model for aerodynamic flows[END_REF] turbulence model is used in conjunction with the adjoint optimizer. In Garg et al. [START_REF] Garg | High-fidelity hydrodynamic shape optimization of a 3-D hydrofoil[END_REF][START_REF] Garg | High-fidelity hydrodynamic shape optimization of a 3-d morphing hydrofoil[END_REF], a low-speed (LS) preconditioner was implemented in SUMad, to solve problems involving nearly incompressible flows for Mach numbers as low as 0.01. The LS SUMad RANS solver was validated against the experimental measurements [START_REF] Zarruk | Experimental study of the steady fluid-structure interaction of flexible hydrofoils[END_REF] and verified against commercial CFD software (ANSYS CFX).

Structural Solver

The structural solver used in the MACH framework is the Toolkit for the Analysis of Composite Structures (TACS) [START_REF] Kennedy | A parallel finiteelement framework for large-scale gradient-based design optimization of high-performance structures[END_REF]. TACS is a parallel, 3-D finite-element solver designed specifically for the analysis of stiffened, thin-walled, composite structures using either static linear or geometrically nonlinear strain relationship. In the current work, only linear structural analysis is used. For linear analysis, the governing equation for structural discipline residual can be written as,

Spu o q Ku o ¡ F (1)
where S are the structural residuals, u o is the vector of structural displacements, K is the linear stiffness matrix, and F is the load vector. Similar to SUMad, the gradients in TACS are computed using an adjoint method, explained in Section 2.6, making the cost of the gradient calculation nearly independent of the number of structural design variables. The derivative of the maximum von-Mises stress is analytically evaluated using the Kreisselmeir-Steinhauser (KS) aggregation functions [START_REF] Wrenn | An indirect method for numerical optimization using the Kreisselmeier-Steinhauser function[END_REF][START_REF] Nicholas | Adaptive constraint aggregation for structural optimization using adjoint sensitivities[END_REF]. In the present research, as the foil is assumed to be made of solid homogeneous isotropic material with linear elastic response. There is a constraint on the maximum allowable stress, but there are no explicit structural design variables. However, the structure will undergo changes in shape as per the shape variables in the hydrodynamic optimization.

Geometric Parametrization

The free-form deformation (FFD) volume approach was used to parametrize the geometry [START_REF] Gaetan | Scalable parallel approach for highfidelity steady-state aeroelastic analysis and derivative computations[END_REF]. To get a more efficient and compact set of geometric design variables, the FFD volume approach parametrizes the geometric changes rather than the geometry itself. All the geometric changes are performed on the outer boundary of the FFD volume. Any modification of this outer boundary can be used to indirectly modify the embedded objects. Figure 4 displays an example of the FFD control points used for optimization of the cantilevered, tapered NACA 0009 hydrofoil, which will be explained in detail in Section 4.

Mesh Perturbation

As the geometry is modified during the optimization using the FFD volume approach, the mesh needs to be perturbed to carry out the CFD analysis and FEA analysis for the modified geometry. The mesh perturbation scheme is a hybridization of algebraic and linear-elasticity methods [START_REF] Gaetan | Scalable parallel approach for highfidelity steady-state aeroelastic analysis and derivative computations[END_REF]. In the hybrid warping scheme, a linear-elasticity-based warping scheme is used for a coarse approximation of the mesh to account for large, low-frequency perturbations; the algebraic warping approach is used to attenuate small, high-frequency perturbations. For the results shown in this paper, the hybrid scheme is not required, and the algebraic scheme is used because only small mesh perturbations were needed to optimize the geometry.

Load and Displacement Transfer Algorithm

The CFD and the structural solvers explained in Section 2.1 and 2.2, respectively, are coupled to form a single hydrostructural solver capable of predicting the coupled hydrodynamic and structural performance. In other words, hydrodynamic loads (pressure and shear stresses) computed by the SUMad (hydrodynamic solver) must be transferred to TACS (structural solver), and displacements from TACS must be used to deform the geometry. Kenway et al. [START_REF] Gaetan | Scalable parallel approach for highfidelity steady-state aeroelastic analysis and derivative computations[END_REF] used the load and transfer scheme from the work of Brown [START_REF] Brown | Displacement extrapolation for CFD + CSM aeroelastic analysis[END_REF]. They constructed rigid links between the CFD surface mesh points, and the points on the structural model lying closest to this set of points. The rigid links are used to extrapolate the displacements from the structural surface to the CFD surface.

The consistent force vector is determined by employing the method of virtual work, ensuring that the force transfer is conservative. The integration of force is performed on the CFD mesh and is transferred to the structure through the rigid links. The two major advantage of using this scheme are that (1) it is consistent and conservative by construction, and (2) it may be used to transfer loads and displacements between CFD and structural meshes that are not coincident, such as the cases with different fluid and structural meshes.

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 (25 iterations or when the relative decrease in both the aerodynamic and structural residuals compared to the free-stream values is less than 1.0E-05) is met.

Optimization Algorithm

The evaluation of the CFD solutions and FEA are the most expensive component of hydrostructural shape optimization algorithms, which can take up to several hours, days or even months. Thus, for large-scale optimization problems, the challenge is to solve the problem to an acceptable level of accuracy with as few CFD or FEA evaluations as possible. There are two broad categories of optimization, namely, gradient-free methods and gradient-based methods. Gradient-free methods, such as genetic algorithms (GAs) and particle swarm optimization (PSO), have a higher probability of getting close to the global minima for problems with multiple local minima. However, gradient-free methods can lead to slower convergence and require larger number of function calls, especially with large number of design variables (on the order of hundreds) [START_REF] Lyu | Benchmarking optimization algorithms for wing aerodynamic design optimization[END_REF]. To reduce the number of function evaluations for cases with large number of design variables, gradient-based optimization algorithm should be used. Efficient gradientbased optimization requires accurate and efficient gradient calculations. There are some straight forward algorithms like finite difference; they are neither accurate nor efficient [START_REF] Martins | The complex-step derivative approximation[END_REF].

Finite difference methods are sensitive to the step-size. If the step-size is higher or lower than the optimal step-size, the errors in FD will increase, as noted by [START_REF] Martins | The complex-step derivative approximation[END_REF]. Complex-step methods yields accurate gradients, but are not efficient for large-scale optimization [START_REF] Martins | The complex-step derivative approximation[END_REF]. Thus, for gradient calculations, the adjoint method is used in this paper. The adjoint method is efficient as well as accurate, but is relatively more challenging to implement [START_REF] Lyu | RANS-based aerodynamic shape optimization of a blended-wing-body aircraft[END_REF].

The optimization algorithm used in this paper is called SNOPT (sparse nonlinear optimizer) [START_REF] Gill | SNOPT: An SQP algorithm for large-scale constrained optimization[END_REF]. SNOPT is a gradientbased optimizer that utilizes a sequential quadratic programming method. It is capable of solving large-scale nonlinear optimization problems with thousands of constraints and design variables.

MODEL SETUP AND VALIDATION 3.1 Fluid Model

For all the results presented in this paper, a cantilevered, unswept, tapered NACA 0009 hydrofoil was studied with an aspect ratio of 3.33 (a span length of 0.3 m and a mean chord length of 0.09 m, with maximum chord length of 0.12 m at the root and a minimum chord length of 0.06 m at the tip), Reynolds Number, Re 1.0 ¢ 10 6 , and V 12.4 m/s. In the present work, Reynolds number (Re V c{ν) is defined based on the mid-span chord length, i.e. 0.09 m. The CFD mesh used for all the optimization and validation results is shown in Figure 1. The CFD mesh used is a structured O-grid with 515,520 cells and a y of 1.1. The domain size is 30 chord lengths in all the directions. The tip of the hydrofoil is modeled rounded, which helps in making the mesh continuous and smooth. The applied boundary conditions (B.C.) are shown in blue color in Figure 1.

Structural Model

To carry out the validation study of the hydrostructural solver and the coupled hydrostructural optimization, the cantilevered, tapered 3-D NACA 0009 hydrofoil (model shown in Section 3.1) was studied. Figure 2 shows the structural mesh used for the computation. The mesh has 44,800 second order isoparametric 8-noded elements, with 7 elements along the thickness direction, 40 elements in the chordwise direction, and 160 elements in the spanwise direction. A perfectly clamped boundary condition is set at the root, i.e., the displacement and rotation is zero at the root.

Eigenvalue Validation and Verification

To validate the structural model, a 3-D cantilevered, tapered NACA 0009 hydrofoil (as shown in Section 3.1, 3.2), with Re 1.0 ¢ 10 6 and V 12.4 m/s was studied. The predictions were compared with experimental measurements conducted at the Cavitation Research Laboratory (CRL) variable pressure water tunnel at the University of Tasmania [START_REF] Doolan | Hydroacoustic characterisation of the amc cavitation tunnel[END_REF]. The operating velocity and pressure range in the tunnel was of 2 -12 m/s and 4 -400 kPa, respectively. The tunnel test section is 0.6 m square by 2.6 m long. They tested four foils of similar geometry but with different materials, namely, SS (stainless steel-316L), Al (Aluminum-6061T6), CFRP-00, and CFRP-30 (CFRP are Carbon Fiber Reinforced Polymer composites with the number accompanying them denoting the alignment of unidirectional fibers). The geometry dimensions were selected such that confinement effects are negligible. They reported estimated measurement uncertainty of 0.5% in the force measurement, of 0.001 o in the angle of attack, and the maximum uncertainty of 13% for the tip bending deflections.

Table 1 shows the parameters used in the experiment. All the parameters (geometry and its dimensions, Reynolds number, fluid density, velocity, material of the hydrofoil) from the experiments were matched in the numerical model, except for the Mach number (defined as M V {a, where V is the inflow velocity and a is the speed of sound). However, as the compressibility effects are almost negligible for Mach number less than 0.1, this discrepancy in Mach number (0.008 in the experiments and 0.05 in the numerical model) should not affect the solution. Poisson's ratio 0.33 σ s,f (MPa) Fatigue strength 96.5

In Table 3, comparison of the predicted and measured first mode frequency of the Al foil in air are presented. The predictions from structural solver, TACS, were validated against the experimental measurements [1] and verified against predictions from the commercial Finite Element Analysis (FEA) software (NASTRAN). TACS was found to under-predict the first mode in-air frequency by less than 4.0%, when compared to the experimental measurements, and under-predict by less than 0.5%, when compared to the commercial FEA software.

Table 3.

Comparison of first mode in-air frequency from the structural solver, TACS, for an unswept, cantilevered, tapered NACA 0009 hydrofoil with the experimental results from [START_REF] Zarruk | Experimental study of the steady fluid-structure interaction of flexible hydrofoils[END_REF] and the commercial FEA software (NASTRAN). The structural mesh is shown in Figure 2.

Material Experiment [START_REF] Zarruk | Experimental study of the steady fluid-structure interaction of flexible hydrofoils[END_REF] Nastran TACS Al (Hz) 100.0 98.5 98.4

Hydrostructural Validation

To validate the coupled hydrostructural solver, a 3-D cantilevered, tapered NACA 0009 hydrofoil (as shown in Section 3.1, 3.2), with Re 1.0 ¢ 10 6 and V 12.4 m/s was studied. In Figure 3, the predicted lift force (in Newtons) and the predicted tip bending deformation (in mm) at various angles of attack from modified MACH framework was compared with the experimental measurements from [START_REF] Zarruk | Experimental study of the steady fluid-structure interaction of flexible hydrofoils[END_REF]. The predictions were found to be within the experimental error (0.5% for the lift force and 13% for the bending deformation).

For Re 1.0 ¢ 10 6 , experiments were only conducted until a maximum angle of attack of 6 o , to avoid excessive forces on the foil. the predicted tip bending deformation (in mm) at various angle of attack (α) obtained using the modified MACH framework with the experimental results from [START_REF] Zarruk | Experimental study of the steady fluid-structure interaction of flexible hydrofoils[END_REF] for a cantilevered, tapered Al NACA 0009 hydrofoil. The CFD mesh with 515,520 cells (y 1.1) for MACH framework is shown in Figure 1 and the structural mesh with 44,800 8-noded elements is shown in Figure 2. The conditions selected corresponds to Re 1.0 ¢ 10 6 and V 12.4 m/s, as reported in Table 1.

Grid Convergence Study

To ensure that the structural results are independent of the mesh size, the grid convergence was studied with four different mesh sizes: 25,200 cells, 44,800 cells, 100,800 cells, and 179,200 cells for 3-D cantilevered, tapered NACA 0009 hydrofoil (as shown in Section 3.1), with Re 1.0 ¢ 10 6 , V 12.4 m/s, and α 6 o . To be consistent, a medium-sized CFD mesh of 515,520 cells was used for all the analyses. Grid convergence study of the CFD mesh has already been presented in [START_REF] Garg | High-fidelity hydrodynamic shape optimization of a 3-D hydrofoil[END_REF]. Table 4 shows the comparison of lift coefficient (defined as

C L Lift{0.5ρ f V 2 A), lift force (N),
first mode in-air frequency (Hz), and tip bending deformation (mm) values from coupled hydrostructural simulation. Based on the results and the computational time, the medium-sized structural mesh with 44,800 elements was selected to carry out the hydrostructural analysis and optimization.

Optimization Problem Formulation

To demonstrate the advantages of hydrostructural shape optimization, results are shown for the 3-D cantilevered, tapered NACA 0009 hydrofoil (as shown in section 3.1, 3.2), with Re 1.0 ¢ 10 6 and V 12.4 m/s. The optimization problem setup is described in Table 5. The drag coefficient, defined as C D Drag force{0.5ρ f V 2 A, is minimized for a given C L , a given cavitation number, defined as σ pP ref ¡ P vap q{0.5ρ f V 2 , and the constraint on maximum von-Mises stress (σ v ) of the optimized shape against the fatigue strength (σ f ) of Al with a factor of safety of 1.2. Constraint on the minimum volume and minimum thickness are also detailed in Table 5. C ¦ L is the target C L , d is the volume of the optimized foil, d base is the volume of the original foil, t base is the thickness of the original foil at a given section. The leading edge of the hydrofoil is also constrained to deform to prevent any random behavior at the leading edge.

The influence of the number of design variables was studied in [START_REF] Garg | High-fidelity hydrodynamic shape optimization of a 3-D hydrofoil[END_REF], where the authors concluded at least 200 FFD control points are necessary to achieve a converged optimal hydrodynamic design for the same unswept cantilevered, tapered hydrofoil. Thus, for the results shown in Section 4, a total of 210 design variables were used with 200 FFD control points (10 spanwise ¢ 10 chordwise ¢ 2 thickness) and 10 spanwise twist design variables.

Figure 4 shows a pictorial description of the design variables with 200 FFD control points and 10 twist design variables on the right side. On the left side in the Figure 4, the original NACA 0009 hydrofoil with the deflected shape at C L 0.65 is displayed. 

RESULTS AND DISCUSSION

In this section, the single-point RANS-based coupled hydrostructural optimization results are presented for a cantilevered, unswept, tapered aluminum (6061 T6) NACA 0009 hydrofoil at Re 1.0 ¢ 10 6 and V 12.4 m/s. The foil was optimized to achieve the minimum drag coefficient (C D ) for a target lift coefficient (C L ), a cavitation number (σ) of 1.6, and a constraint on the material stress against the fatigue strength of Al with a factor of safety of 1.2. The optimization was carried out with 210 design variables. 4. Comparison of CL, lift force (N), first mode in-air frequency (Hz), and tip bending deformation (mm) values from the coupled hydrostructural simulation for the cantilevered, tapered Al NACA 0009 hydrofoil at Re 1.0 ¢ 10 6 , V 12.4 m/s, and α 6 o using different structural mesh with the modified MACH framework. The same CFD mesh of 515,520 cells was used for all the analyses.

Mesh

Mesh 

¡C p σ Cavitation number constraint 1 σ v ¤ σ f {1.2
Stress constraint 1 the design point. In Figure 6, the predicted non-dimensional bending deformation, i. To meet the stress constraint (σ v ¤ σ f {1.2), the optimal foil needed to be thicker near the root, where the stress is the highest, and is balanced by the thinner sections at the tip, as shown in the sectional geometry in Figure 8d. In Figure 8b, the difference between the stress constraint contours, i.e. 1.2 ¢ σ v {σ f of Al, of the original NACA 0009 hydrofoil and the coupled hydrostructural optimization is presented. The red region, indicating where the stress constraint is violated, can be noticed near the root of the original NACA 0009 hydrofoil in the Figure 8b. While meeting the maximum stress constraint, the mass of the optimized foil is also reduced by 7.3%. The mass reduction while satisfying the structural constraints is particularly impressive considering the NACA 0009 hydrofoil is a very thin and efficient foil to start with. The optimized design has a significant camber resulting in higher moment of inertia, which makes the structure more rigid. Thus, the optimized foil has much higher stiffness and lower stress, compared to the original NACA 0009 hydrofoil. Figure 8a indicate that partial leading edge cavitation (as indicated by gray contour region with ¡C p ¥ σ) will develop around the original NACA 0009 hydrofoil at C L 0.65 and σ 1.6, but no cavitation is observed for the optimized foil. The maximum negative pressure coefficient, ¡C p , reduces from 2.1 for the NACA 0009 hydrofoil to 1.0 for the optimized foil, as shown in Figure 8d, which will help to significantly delay cavitation inception. In other words, the cavitation inception speed for the coupled hydrostructural optimized foil will increase from 10.2 m/s to 14.8 m/s, for an assumed submergence depth of 1 m. Note that the performance of the optimized foil exceeds that of the NACA 0009 not only at the design point (CL 0.65), but also for all lift coefficients above 0.25. All the results were obtained using coupled hydrostructural solver for solid Aluminum (Al) hydrofoil at Re 1.0 ¢ 10 6 and V 12.4 m/s.

CONCLUSION

We presented an efficient high-fidelity coupled hydrostructural optimization capable of handling a large number of design variables, with constraints on cavitation and maximum stress. The hydrostructural solver was validated against experimental measurements [START_REF] Zarruk | Experimental study of the steady fluid-structure interaction of flexible hydrofoils[END_REF] for the hydrodynamic load coefficients, tip bending deformations, and in-air natural frequencies for the case of a tapered, cantilevered, solid aluminum NACA 0009 hydrofoil. Good agreements were observed between the numerical predictions and experimental measurements. The maximum difference in the force predictions is 3.5% and in the tip bending deflections is 7.0%.

To provide a canonical representation of a complex hydrodynamic lifting surface,we performed a RANS-based hydrostructural optimization using the adjoint method for the same NACA 0009 hydrofoil at Re 1.0 ¢10 6 and V 12.4 m/s.

The single-point high-fidelity hydrostructural optimization was performed at C L 0.65 with 210 design variables. The optimized hydrofoil resulted in increase in C L {C D of 12.4%, a mass reduction of 7.3%, and an increase in the cavitation inception speed by 45%, when compared to the original NACA 0009 hydrofoil. While the original NACA 0009 hydrofoil fails the maximum stress constraint (i.e., σ v ¡ σ f {1.2) for lift coefficients greater than 0.35, the optimized foil was able to meet the stress constraint up to the design lift coefficient of 0.65. A systematic study of the design space of marine propulsors using the present state-of-art high-fidelity coupled hydrostructural optimization has the potential to drastically improve propulsors's performance. Improved propulsor performance can include improved fuel efficiency and hence a reduction in the operational cost and reduced negative environmental impact, enhanced agility, and reduced structural weight, while ensuring the structural integrity and delaying cavitation inception.

FUTURE WORK

The paper presents a state-of-art high-fidelity coupled hydrostructural design optimization framework, capable of handling large number of design variables with consideration for cavitation and maximum stress. While the optimization tool is demonstrated for hydrofoils, it can be easily extended to other lifting bodies, such as marine propellers and turbines, and to optimize the material properties and stacking sequence of composite propulsors. As shown previously by the authors [START_REF] Garg | High-fidelity hydrodynamic shape optimization of a 3-D hydrofoil[END_REF], multipoint optimization results in a much more efficient design over the wide range of operating conditions, when compared to the single-point optimized design. Thus, coupled hydrostructural multipoint optimization will be carried out to take full advantage of this framework. 
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 1 Figure 1. CFD Mesh (515,520 cells) used for the RANS optimization of a cantilevered, tapered NACA 0009 hydrofoil at Re 1 ¢ 10 6 . a) Front view with the boxed in portion showing the location of the foil. b) Side view with boxed in portion showing the location of the foil. c) The zoomed-in view of the foil, showing the mesh near the foil leading edge (LE) and trailing edge (TE). d) Geometry with the dimensions of the tapered NACA 0009 hydrofoil.

Figure 2 .

 2 Figure 2. Mesh (44,800 elements) used for structural validation as well as hydrostructural optimization. The mesh has 44,800 second order isoparametric 8-noded elements, with 7 elements along the thickness direction, 40 elements in the chordwise direction, and 160 elements in the spanwise direction. A perfectly clamped boundary condition is set at the root, i.e., the displacement and rotation is zero at the root. The red curve depicts the edges of the fluid model.

Figure 3 .

 3 Figure 3. Comparison between the predicted lift force (in N) and

Figure 4 .

 4 Figure 4. Pictorial description of the problem setup used for the optimization study. Original cantilevered Al NACA 0009 hydrofoil with the initial and the deflected shape is displayed on the left side and the shape design variables; 200 FFD control points (10 spanwise ¢ 10 chordwise ¢ 2 thickness, as indicated by the red circles), and twist design variables on the right side.

Figure 5

 5 depicts the difference in 3-D geometry between the cantilevered, tapered NACA 0009 hydrofoil and the singlepoint hydrostructural optimized foil at C L 0.65. In Figure 6, the stress constraint, i.e., σ v ¤ σ f {1.2, of the original NACA 0009 hydrofoil and the hydrostructural optimized foil at C L 0.65, at various C L values is presented. The black dotted line represents the stress constraint, i.e. σ v σ f {1.2. While the original tapered NACA 0009 hydrofoil violates the stress constraint for C L ¡ 0.35, the hydrostructural optimized foil satisfies the stress constraint for C L values up to 0.65, Table

  e., the fraction of the maximum tip bending deformation to the tip chord length (0.06 m), of the NACA 0009 hydrofoil and the hydrostructural optimized foil at C L 0.65, at various C L values is also presented. While the original tapered NACA 0009 hydrofoil has the maximum non-dimensional bending deformation of 0.20, the optimized foil at C L 0.65 has the maximum non-dimensional bending deformation of 0.16.
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 5 Figure 5.Figure showing the comparison of 3-D geometry

  Figure 5.Figure showing the comparison of 3-D geometry between the original tapered NACA 0009 hydrofoil and the hydrostructural optimized foil at CL 0.65. The computations were carried out for solid Aluminum (Al) hydrofoil at Re 1.0 ¢ 10 6 and V 12.4 m/s.

Figure 7 Figure 6 .

 76 Figure 7 shows the comparison of efficiency (i.e., C L {C D ) at various C L values for the NACA 0009 hydrofoil and the single-point optimized foil at C L 0.65. As can be observed from the figure, the hydrostructural optimized foil performs better than the original NACA 0009 foil for C L ¥ 0.3. Below C L value of 0.3, the optimized foil performance becomes

Figure 8

 8 Figure 8 shows a comparison between the NACA 0009 hydrofoil and the hydrostructural optimized hydrofoil at C L

Figure 7 .

 7 Figure 7.Figure showing the comparison of CL{CD versus CL for the original tapered NACA 0009 hydrofoil and the hydrostructural optimized foil at CL 0.65, at various CL values.

Figure 8 .

 8 Figure 8. Figure showing comparison of the performance of the original NACA 0009 hydrofoil and the single-point hydrostructural optimized hydrofoil at CL 0.65, Re 1.0 ¢ 10 6 , and V 12.4 m/s. A reduction in CD of 11.3% is noted for the optimized foil. Going from top to bottom and from left to right. a) Cp (pressure coefficient) contours plot on the suction side are displayed for NACA 0009 hydrofoil and the optimized foil. Gray contour region along the leading edge of the tapered NACA 0009 foil displays the area with ¡Cp ¥ σ. b) Comparative study of the stress coefficient contours (1.2 ¢ σv{σ f ) of the NACA 0009 hydrofoil and hydrostructural optimization is presented. Excessive stress (σv ¡ σ f {1.2) region can be noticed near the root for the original NACA 0009 hydrofoil. Reduction in mass of 7.3% for the optimized foil can be noted. c) Displays the skin friction (C f ) contour plot for the original tapered NACA 0009 hydrofoil and the optimized foil at CL 0.65. In general, the optimized foil has a lower skin friction, and hence lower drag coefficient. d) Figures show the sectional ¡Cp plots and the geometry profile of the foil at 3 sections along the span of the hydrofoil. Blue solid line represents the NACA

Table 2

 2 displays the material properties of the Aluminum (Al) foil, which is used for validation and optimization studies in this work.

Table 1 .

 1 Parameters used for an unswept, cantilevered, tapered NACA 0009 hydrofoil in the experimental results from[START_REF] Zarruk | Experimental study of the steady fluid-structure interaction of flexible hydrofoils[END_REF].

	Parameter	Experiment [1]
	Geometry	NACA 0009
	Aspect ratio Reynolds number ρ f (fluid density) (Kg/m 3 ) 999 3.33 1 ¢ 10 6
	Mach number	0.008
	V f (m/s)	12.4
	Material	Aluminum (6061 T6)
	Fluid	Water

Table 2 .

 2 Structural

		Description	Al
	ρ s (Kg/m 3 ) Solid density	2700
	E s (GPa)	Elastic modulus 69
	ν s	

properties of Aluminum(Al) used in the present research for validation and the optimization study, which corresponds to the values reported for the Al foil in

[START_REF] Zarruk | Experimental study of the steady fluid-structure interaction of flexible hydrofoils[END_REF]

.

Table 5 .

 5 Optimization problem for the cantilevered, tapered Al NACA 0009 hydrofoil (shown in Section 3.1, 3.2). ¢ t base ¤ t i ¤ 1.5 ¢ t base Minimum thickness constraint 400 d ¥ d base

		Size C L	Lift Force (N) Frequency (Hz) Tip bending deformation (mm)
	Coarse	25,200	0.4980 1034.8	99.53	12.46
	Medium 44,800	0.4987 1035.2	98.43	13.02
	Fine	100,800	0.4990 1035.9	97.58	13.06
	Finest	179,200	0.4991 1036.1	97.26	13.36
			Function variables		Description	Qty.
	minimize	C D			Drag coefficient	1
	Design variables f			FFD control points	200
						Twist design variables	10
	Constraint	C ¦ L			Lift coefficient constraint	1
			0.5 Minimum volume constraint	1
						Fixed leading edge constraint 10

ACKNOWLEDGMENTS

Support for this research was provided by the U.S. Office of Naval Research (Contract N00014-13-1-0763), managed by Ms. Kelly Cooper. The authors would like to thank Prof. Paul Brandner of the Australian Maritime College for providing the experimental data and answering questions about the experimental setup. 0009 hydrofoil and the red solid line corresponds to the hydrostructural optimized foil. Grey horizontal line represents the constraint on cavitation number (when ¡Cp σ 1.6). As noted, there is significant decrease in maximum ¡Cp from the NACA 0009 to the optimized hydrofoil. Difference in the sectional shape as fraction of the span (z{s) between the original and optimized foil are also shown in the bottom of each subplot.