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a b s t r a c t

Fluid–structure interaction (FSI) analysis of the Mirage Drive, a bioinspired propulsion system utilizing com-

pliant hydrofoils designed and built by Hobie Cat Co, is performed. The current work continues a recent exper-

imental and numerical FSI study of a single compliant hydrofoil, and presents, for the first time, full-scale FSI

simulation of two compliant hydrofoils in a tandem configuration. The underlying computational challenges

are addressed by means of core FSI methods (i.e., the ALE–VMS formulation, weakly enforced no-slip bound-

ary conditions, the sliding-interface technique, and a quasi-direct coupling strategy), as well as special FSI

techniques developed for this problem class. Details of the computational framework are discussed, and the

computational results are validated using data from field tests, which are also described in the manuscript.

© 2015 Elsevier Ltd. All rights reserved.

1. Introduction

Nowadays, the concept of bioinspired (or biomimetic) engineer-

ing is widely used in the design of propulsive and energy harvest-

ing systems. Examples of such systems include micro aerial vehicles

(MAVs) [61,63,67,77,82], vertical-axis wind turbines (VAWTs) placed

in arrays [25,45], and recreational water sports vehicles, like kayaks

[6]. The main hypothesis behind the bioinspired engineering con-

cept is that efficiency of engineering systems or devices may be im-

proved by mimicking the shape, structure, and motion of various

species (e.g., birds, insects, or fish), which have these characteris-

tics optimized in the long span of their evolution. In an effort to

fully understand the underlying mechanisms leading to optimized

performance, in recent years there has been a significant increase in

the research focusing on aerodynamic, hydrodynamic, and structural

modeling, simulation, and testing of bioinspired systems and devices

[26,47,52,57,58,61,63,65,66,77].

In the present paper, we perform fluid–structure interaction (FSI)

analysis of a bioinspired propulsion system utilizing compliant hy-

drofoils. This work, which is an extension of a recent experimental

and numerical FSI study of a single compliant hydrofoil [6], presents,

for the first time, full-scale FSI simulation of two compliant hydro-

foils in a tandem configuration. We note that experimental and nu-

merical studies of hydrofoils were reported previously in the litera-

ture (see e.g., [23,44,46,54]). However, simulations reported in these
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references were performed with significant simplifications in the foil

geometry modeled, mechanics represented, and operating conditions

employed.

In order to carry out the hydrofoil FSI simulations, several compu-

tational challenges need to be addressed: 1. The flow Reynolds num-

ber based on the cord length and relative flow speed is about 0.5 mil-

lion, resulting in thin, turbulent boundary layers near compliant foil

surfaces requiring accurate approximation; 2. The tandem hydrofoil

configuration includes an upstream (or front) and downstream (or

back) foils that interact with one another. Furthermore, the foils move

in opposite directions and periodically come in close proximity to one

another. (The foils considered in the present paper are 37 cm in length

and the closest clearance between them is less than 2.6 cm.) This sit-

uation requires advanced mesh handling strategies; 3. The foils are

highly flexible and undergo large deformation in addition to rigid ro-

tation. Capturing the details of that deformation, i.e., the foil twisting

motions, is very important for accurate prediction of hydrodynamic

loads and assessment of the propulsion system efficiency; 4. Since the

foils are relatively light and operate in a hydrodynamic environment,

the added mass effect is significant and precludes the use of simple-

to-implement block-iterative FSI solution strategies [88–90,92].

The above outlined challenges are akin to those involved in

other FSI applications [19,20], such as the spacecraft aerody-

namics [69], FSI modeling of spacecraft parachutes [68,71,73–

76,80,81,84], sails [4,5,91], cardiovascular fluid mechanics and FSI

[10,13,14,30,49,60,61,64,70,72,78,79,83], pulsatile ventricular assist

devices [48,50,51], and bioprosthetic heart valves [32,33,38], and are

addressed in the present paper in order to carry out the tandem

http://dx.doi.org/10.1016/j.compfluid.2015.07.013
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hydrofoil FSI simulations. A moving-mesh FSI methodology is em-

ployed in the present work. The hydrodynamics is simulated using

a finite-element-based ALE–VMS technique [12,62] in combination

with weakly enforced essential boundary conditions [15,17,18,28] and

boundary-layer meshing. These address the challenges associated

with turbulence modeling, good resolution of boundary-layer phe-

nomena, and accurate prediction of the hydrodynamic loads on the

foils. The relative motion of the foils is handled through a sliding-

interface technique [16,31]. The foil structural modeling and dis-

cretization makes use of isogeometric analysis (IGA) [24,34]. A re-

cently proposed rotation-free shell [41,42] coupled with a beam/cable

formulation [53] is employed, resulting in a smooth deformation of

the foil surface during the simulation. The FSI formulation is based on

the augmented Lagrangian technique with formal elimination of the

Lagrange multiplier variable, and enables coupling of FEM and IGA

with a nonmatching fluid–structure interface [11]. Finally, the high

added mass in the problem is handled by means of a quasi-direct cou-

pling strategy [88–90,92] and its special implementation based on a

matrix-free approach [20].

The paper is outlined as follows. In Section 2, we describe the

field test setup for the tandem hydrofoil configuration and report

the measurements performed. In Section 3, we review the governing

equations of the FSI problem in the strong form and discuss the dis-

cretization techniques and solution strategies employed. In Section 4,

we describe the computational setup and present the results of the

FSI simulation including comparison with field-test data and detailed

discussion of the phenomena observed. In Section 5, we draw conclu-

sions.

2. Field test setup and measurements

In this section, we briefly describe the propulsion system ana-

lyzed, which is the Mirage Drive designed and built by Hobie Cat Co.

For more details the reader is referred to [6], where such a measure-

ment system is presented in detail. Here the field test procedures are

adapted for simultaneous measurement of the hydrodynamic loads

on both the front and back foils.

2.1. Mirage Drive propulsion system

The Mirage Drive is a propulsion system that transforms pedal-

ing motion of a driver into transverse sweeping motion of two un-

derwater foils in a tandem configuration (see Fig. 1). The system is

installed by inserting it through the boat hull such that the foils pro-

trude beneath the hull, and the pedals are accessible to the driver

atop the boat (see Fig. 2). Foils are placed in a tandem configuration

and can sweep through a maximum angle of 196°. For the present

setup the sweep amplitude is limited to 117°. As the driver pedals,

the foils move under water. Periodic motion of each foil is dominated

by rigid-body rotation of the main steel shaft (or mast) located at

the foil’s leading edge. Rigid body rotation takes place along the axis

aligned with the vessel direction of travel. The compliant nature of

the foils also results in twisting of the foil’s axial cross-sections - as

much as 40° at the tip, (see [6]) - which, in turn, generates the thrust

force necessary to propel the vessel forward. During one stroke cycle

the foils cross each other twice. The foils are 37 cm in length, and,

at the instant of crossing, the closest clearance between them is less

than 2.6 cm. As a result, interaction between the foils is expected. The

onboard instrumentation system developed in [6] for a single foil is

updated in the present work to measure and characterize this inter-

action.

2.2. Measurement system and data collected

Full-scale measurements are performed on an Outback kayak (see

Fig. 2), also built by the Hobie Cat Co. The Outback is a 3.80 m, 40 kg

Fig. 1. Mirage Drive propulsion system design and positioning of the gauges.

Fig. 2. Instrumented kayak equipped with the Mirage Drive propulsion system.

fully rigged kayak with the Mirage Drive propulsion system installed.

The kayak and propulsion system are equipped with dedicated in-

strumentation, which allows us to perform the following measure-

ments. The field tests were performed in the San Diego Bay, and the

second author was the kayak driver.

Hydrodynamic moments in the x- and z-direction, denoted by Mxi

and Mzi, where i = 1 and i = 2 correspond to the front and back foil,

respectively, are measured simultaneously using two 120 ohm gauges

(HBM LY11-3/120) mounted in a full Wheastone bridge configuration.

The mast insert is replaced by a stainless steel square bar, where the

gauges are placed. Fig. 3 shows the gauges (denoted by orange rectan-

gles) on each face of the square bar, as well as the coordinate frames

used in the study. We assume that the y- and z-axes rotate with each

Please cite this article as: J. Yan et al., FSI modeling of a propulsion system based on compliant hydrofoils in a tandem configuration, Computers

and Fluids (2015), http://dx.doi.org/10.1016/j.compfluid.2015.07.013

http://dx.doi.org/10.1016/j.compfluid.2015.07.013


J. Yan et al. / Computers and Fluids 000 (2015) 1–11 3

ARTICLE IN PRESS
JID: CAF [m5G;August 13, 2015;21:32]

Fig. 3. Coordinate systems employed in the tandem foil configuration. Gauges for hy-

drodynamic moment measurement are denoted by orange rectangles.

Fig. 4. Time series of the moments Mxi and Mzi and the pedal-bracket load Fp measured

for a kayak speed of 2.1 m/s.

mast, while the x-axis is coincident with the kayak direction of travel

(see Fig. 2). Note that Mzi is generated by the thrust force, while Mxi

arises due to the lateral forces acting on the foil. As a result, a good

foil design may be characterized as having a larger Mzi-to-Myi ratio.

The left-pedal bracket is instrumented to measure the time-

dependent force applied by the driver (see Fig. 1). The load sensors

are connected to a dedicated gauge analog amplifier and conditioner

Expresso from HBM. The position of the pedal is measured by a linear

transducer (see Fig. 1) attached from the inside of the cockpit to the

right bracket. The linear transducer is linked to a Dataq 430 AD con-

verter. The kayak speed is measured by a trough-the-hull speedome-

ter installed on the kayak. The speed signal is recorded via a dedi-

cated NMEA frame converter. Kayak speed is also recorded using a

separate GPS device. The different instruments employed in the mea-

surements are connected to a inboard PC, and synchronization of the

heterogeneous data is done in postprocessing. The load sensors are

calibrated to a precision error of <1%.

Fig. 4 shows the times series of Mxi and Mzi and the pedal-bracket

load Fp measured for a kayak speed of 2.1 m/s. As expected, the

propulsive moment Mzi is non-negative and has double the frequency

of the side moment Mxi. Because the kayak is propelled by a human

driver, the measured data exhibits some differences from one period

to the next. Nevertheless, one trend that clearly emerges is that mo-

ments acting on the back foil are generally greater than those acting

on the front foil. This finding is novel and indicates that the interac-

tion between the foils in the propulsion system considered in non-

negligible.

3. Governing equations and numerical methods

In this section we present the governing differential equation of

the FSI problem in the strong form, and discuss their discretization

choices that lead to an efficient, high-fidelity simulation framework

for tandem hydrofoils.

3.1. Equations for hydrodynamics and structural mechanics

The hydrodynamics is governed by the Navier–Stokes equations

for incompressible flows. The Navier–Stokes equations are posed on a

moving spatial domain, and are written in the Arbitrary Lagrangian–

Eulerian (ALE) frame [35] as follows:

ρ1

(
∂u

∂t

∣∣∣∣
x̂

+ (u − û) · ∇∇∇u − f1

)
−∇∇∇ ·σσσ 1 = 0, (1)

∇∇∇ · u = 0, (2)

where ρ1 is the density, u is the velocity, f1 is the body force per unit

mass, and û is the velocity of fluid mechanics domain. The Cauchy

stress, σσσ 1, is given by

σσσ 1(u, p) = −pI + 2με(u), (3)

where p is the pressure, I is the identity tensor, μ is the dynamic vis-

cosity, and ε(u) is the strain-rate tensor defined as

ε(u) = ∇∇∇u +∇∇∇uT

2
. (4)

The time derivative in Eq. (1) is taken with respect to fixed referential

domain coordinates x̂. All space derivatives are taken with respect to

spatial coordinates of the current configuration x.

The governing equations of structural mechanics, written in the

Lagrangian frame [21], consist of the local balance of linear momen-

tum and are given by

ρ2

(
d2y

dt2
− f2

)
−∇∇∇ ·σσσ 2 = 0, (5)

where ρ2 is the mass density, f2 is the body force per unit mass, σσσ 2 is

the Cauchy stress, and y is the unknown structural displacement.

At the fluid–structure interface, compatibility of the kinematics

and tractions is enforced, namely,

u − dy

dt
= 0, (6)

σσσ 1n1 +σσσ 2n2 = 0, (7)

where n1 and n2 are the unit outward normal vectors to the fluid and

structural mechanics domains, respectively. (Note that n1 = −n2.)

The above constitutes a basic formulation of the FSI problem at

the continuous level. In what follows, we discuss the discretization

choices of the above governing equations that address the key chal-

lenges of, and leads to an efficient and robust approach for, the FSI

simulation of hydrofoils in a tandem configuration. For a comprehen-

sive discussion of discretization techniques, FSI coupling strategies,

and application to a large class of problems in engineering the reader

is referred to a recent FSI book [20].
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Fig. 5. Fluid mechanics domain and mesh with a sliding interface shown. The front and back subdomains are artificially separated for illustration purposes.

3.2. Discretization methods and FSI solution strategies

For the hydrodynamics part of the FSI problem, the ALE–VMS

method [12,62] and weakly enforced essential boundary condi-

tions [15,17,18] are employed. The former is an extension of the

residual-based variational multiscale (RBVMS) turbulence model [7]

to moving domains using the ALE technique, while the latter relaxes

boundary-layer resolution requirements to achieve good accuracy

of fluid solution and loads prediction on meshes of reasonable size

[1–3,28,29,40].

To simulate compliant hydrofoils in a tandem configuration and

capture the interaction between the foils, the fluid domain is divided

into two subdomains as shown in Fig. 5. As the foils move in opposite

directions, the corresponding subdomains rotate with them, creating

a sliding interface. The compatibility conditions enforced at the slid-

ing interface are

uF − uB = 0, (8)

and

(−pFI + 2με(uF))nF + (−pBI + 2με(uB))nB = 0, (9)

where all quantities with subscripts ‘F’ and ‘B’ refer to the front

and back foil subdomains, respectively, and nF and nB are the cor-

responding normal vectors. Compatibility conditions given by the

above Eqs. (8) and (9) are enforced weakly in the framework of the

sliding-interface technique [16,31]. The ALE–VMS and sliding inter-

face formulations are discretized using linear FEM.

The structural mechanics of compliant hydrofoils is modeled us-

ing a combination of the Kirchhoff–Love shell [41,42] and beam/cable

[53] formulations. Both are discretized using IGA based on non-

uniform rational B-spline (NURBS) [24,34] and make use of only dis-

placement degrees of freedom. Using IGA for foil modeling presents

a good combination of efficiency, since no rotational degrees-of-

freedom are employed, accuracy, since NURBS are a higher-order

accurate discretization technique [9], and robustness. The latter

refers to the fact that higher-order continuity of NURBS induces

smooth deformation of the structural surface, which in turn, trans-

lates to smooth deformation of the fluid mechanics mesh at the

fluid-structure interface, and, as a result, leads to better quality of

boundary-layer discretization near moving surfaces.

The coupled FSI problem is formulated using an augmented

Lagrangian approach for FSI, which was originally proposed in [11] to

handle boundary-fitted mesh computations with non-matching flu-

idstructure interface discretizations. The key feature of the method

is formal elimination of the Lagrange multiplier variable, which re-

sults in weak enforcement of the fluid–structure interface compati-

bility conditions using only primal variables (i.e., fluid velocity and

pressure, and structure displacement), and, as a consequence, leads to

increased efficiency compared to classical Lagrange multiplier meth-

ods.

To accommodate the global rotational motion of the foils with su-

perposed local elastic deformation, and to maintain a moving-mesh

discretization with good-quality boundary-layer resolution critical

for hydrodynamics accuracy, the fluid domain mesh is moved as fol-

lows. While at the fluid–structure interface the fluid mechanics mesh

follows the motion of the foils, the outer boundaries of the foil sub-

domains are restricted to only undergo rigid rotation. This choice of

domain motion preserves the geometry of the sliding interface. The

same rigid-body motion is applied at the leading edge of each foil.

The rest of the mesh motion is obtained by solving the equations of

elastostatics with Jacobian-based stiffening [37,59,85–88].

The generalized-α method [8,22,36] is employed to advance to

FSI equations in time. Quasi-direct coupling [20] is employed to

solve the resulting coupled nonlinear equation system. In the quasi-

direct coupling technique, at every Newton–Raphson iteration, so-

lution increments of the fluid and structural mechanics subprob-

lems are computed simultaneously. Linearization of the coupled FSI

equation system takes into account not only the individual fluid and
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Fig. 6. NURBS mesh of the foil shell model comprised of nearly 10,000 quadratic

NURBS elements.

Table 1

Material properties of the foil.

Material Black Grey

Young’s modulus (MPa) 27.58 12.24

Poisson’s ratio 0.47 0.47

Density (kg/m3) 1200 1200

structural mechanics subproblems, but also compatibility conditions

at the fluid–structure and sliding interfaces. Although this approach

completely circumvents convergence difficulties associated with high

added mass and, as a result, enables robust simulation of hydrofoil

FSI, its efficient numerical implementation is more challenging com-

pared to its block-iterative counterpart. In the present work, for the

fluid–structure equation block, we make use of a matrix-free im-

plementation of the flexible generalized minimum residual (GMRES)

[55,56] technique preconditioned with individual fluid and structure

linearized problems. The matrix-free technique enables relatively

straightforward treatment of nonmatching interfaces, while precon-

ditioning reduces the number of GMRES iterations required for con-

vergence in order to increase the overall efficiency. For a comprehen-

sive discussion of matrix-free and preconditioning techniques in FSI

applications the reader is referred to [20].

4. Compliant hydrofoil simulation

4.1. Computational setup

In present simulation, the front and back foils are identical in

terms of geometry and material properties, taken from a single-foil

simulation reported in [6]. The foils are made of a solid rubber-

like material and have a symmetric shape. In [6], an equivalent IGA

Kirchhoff–Love shell model of the foil was constructed and validated

by reproducing the deflection and twist-angle data of the structural

“sag test” devised for that purpose. The foil mesh is comprised of mul-

tiple NURBS patches and has nearly 10,000 quadratic elements (see

Fig. 6). The bending strip technique [41] is employed to deal with the

multiple-patch discretization. The structure has two material zones,

referred to as Black and Grey material, as shown on Figs. 1 and 3.

Each zone is made of an isotropic St. Venant–Kirchhoff material with

properties summarized in Table 1. (See [43] for a general hyperelastic

modeling framework for Kirchhoff–Love shells.) The zigzag pattern of

Fig. 7. Side view of the tandem foil configuration.

Fig. 8. Computational domain and problem setup.

the material is designed such that the foil has the desired flexibility

and stiffness.

The foil tandem configuration is shown in Fig. 7 and the problem

setup is shown in Fig. 8. The foils are 0.37 m in length, and clearance

between them is 0.0259 m at the top and 0.0772 m at the bottom

axial cross-sections. The distance between the rotation axis and top

surface of the foils is 0.047 m. The simulation is performed at pre-

scribed steady inlet water speed of 2.1 m/s. To drive the system, time-

dependent rotation boundary conditions are applied on the leading

edge of each foil. Rotation angles for the front and back foils are given

by

θF(t) = Aπ

2
sin

(
2πt

T

)
(10)

and

θB(t) = −Aπ

2
sin

(
2πt

T

)
, (11)

respectively. In the above equations Aπ
2 and T give the maximum ro-

tation angle and stroke period, respectively. In the present simula-

tion, A = 0.6501 and T = 0.6821 s, which are typical conditions for
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Fig. 9. Triangular mesh of the sliding interface.

high-speed cruising, and which are also consistent with the field test

results presented earlier.

The connection between the foil top-cross-section trailing edge

and rotation axis is modeled using isogeometric cable structures [53].

The cables are loosened by giving them a slightly curved initial-

configuration profile. This setup mimics the actual attachment mech-

anism of the foil trailing edge to the rotation axis, and allows the

foils to develop higher twisting angles needed for efficient propul-

sion. Each cable has one end attached to the rotation axis and the

other to the trailing edge of the foil top cross-section (see Fig. 7). The

cables are discretized using a single quadratic NURBS element. We

note that cable elements are employed with the sole purpose to ap-

propriately constrain the foil trailing-edge motion. Cable elements do

not receive forces from the fluid, nor do they affect the fluid kinemat-

ics.

The fluid mechanics domain and mesh are designed as follows.

The domain boundary is a cylinder with radius of 0.96 m and length

of 1.5 m. A refined cylinder is built around the foils in order to bet-

ter capture the turbulence generated by the foils. As shown in Fig. 5,

the domain is divided into two subdomains separated by a sliding in-

terface. We choose a cone-shaped sliding interface, which makes the

trailing edge of the front foil and leading edge of the back foil nearly

equidistant from the interface. The sliding-interface mesh is shown

in Fig. 9. The elements are clustered toward the cone center to have

Table 2

Fluid mechanics mesh statistics.

Num. of nodes Num. of elements

Mesh 550,557 2,224,857

a more accurate representation of the interaction between the foils.

The mesh gradually coarsens toward the lateral boundaries where the

flow is uniform. The volume mesh makes use of triangular prisms in

the foil boundary layers (see Fig. 10), and tetrahedra elsewhere. The

mesh statistics are summarized in Table 2.

Uniform inflow velocity is imposed strongly at the inlet. No-

penetration and zero streamwise-traction boundary conditions are

applied on the cylinder lateral surfaces. Zero traction boundary con-

ditions are imposed at the outlet. The computation is performed in

a parallel computing environment using 144 processors. The fluid

mesh is partitioned into subdomains using METIS [39], and each sub-

domain is assigned to a compute core. The parallel implementation

methodology employed may be found in [27]. The time step is set to

1.5 × 10−4 s, and the simulation is performed for two stroke cycles.

4.2. Results

Time histories of the computed and measured hydrodynamic mo-

ments Mxi and Mzi are plotted in Fig. 11. Good agreement both in the

hydrodynamic moment magnitude as well as other trends in the mo-

ment time history is achieved between the computational results and

field test data. When the foils are separated by a large distance, they

barely feel each other’s presence, and the hydrodynamic moments

acting on the foils are nearly identical. However, when the foils cross

each other, strong interaction between them can be observed, espe-

cially in the moment curves coming from the FSI simulation. One im-

portant trend that is observed experimentally and reproduced in the

computation is that during the entire stroke cycle moments acting

on the back foil are greater than or equal to those acting on the front

foil.

Time histories of the twist angle at four different cross sections

along the foil axis are plotted in Fig. 12. The cross-section locations

are indicated in Fig. 13. The maximum twist angle during the stroke

cycle is in excellent agreement with the experimental data reported

in [6]. Although fairly significant differences in the hydrodynamic

moments were observed between the front and back foils, this is not

the case for the twist angle. For both foils time histories of the twist

angle are very similar, with difference on the order of 1° observed

right after the foils cross each other. The difference in the twist angle

becomes more pronounced closer to the foil tip where the maximum

twist occurs. The curves suggest that the back foil twists more than

the front one, which is consistent with the moment curve trends dis-

cussed in the previous paragraph. The higher twist of the back foil

decreases the flow angle of incidence leading to slight enhancement

of its propulsion efficiency.

Fig. 10. Triangular-prism discretization of the foil boundary layers.
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Fig. 11. Time history of hydrodynamic moments Mxi and Mzi . Both experimental and computational results are plotted for comparison.

Fig. 12. Time history of twist angle at four cross sections.

Fig. 14 shows time instances of the fluid velocity vectors on a cut

plane superposed on foils in deformed configuration and colored by

fluid pressure. These correspond to instances before, during, and after

the crossing event. Changes in the flow velocity patterns as the foils

get closer to one another are clearly visible. Significant twisting of the

foils may also be observed in the figure. Fig. 15 shows time instances

of vorticity isosurfaces colored by flow speed, also before, during, and

after the crossing event. Significant vorticity is generated on the suc-

tion side of the foil accompanied by massive flow separation. On the

pressure side the the flow appears to be attached and very little vor-

ticity is present. The complexity of the underlying wall-bounded tur-

bulent flow is also clearly seen in the figure, which underscores the
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Fig. 13. Locations of four cross sections.

necessity to use advanced FSI simulation techniques for this problem

class.

5. Conclusions

It behooves a successful computational FSI framework for

compliant-hydrofoil-based propulsion to incorporate accurate

boundary-layer discretization near the foil surfaces, to accommo-

date the foil relative motions that periodically bring them in close

proximity to one another, and to employ a robust FSI coupling

strategy that is insensitive to the high added mass present in the

application. Such a framework was presented in the current paper

and successfully employed in the FSI simulation of the Mirage Drive

propulsion system using two oscillating compliant hydrofoils in

a tandem configuration. The simulations were able to accurately

predict the hydrodynamic loads and details of foil deformation as

compared to the measured data from field tests, which are also

described in the present paper. Furthermore, the FSI simulation was

able to capture the main trends in the interaction between the two

foils, such as stronger interaction dynamics during foil crossing and

larger hydrodynamic moments acting on the back foil compared to

the front foil.

Fig. 14. Fluid velocity vectors on a cut plane superposed on foils in deformed configuration colored by fluid pressure (in Pa).
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Fig. 15. Vorticity isosurfaces colored by flow speed (in m/s).
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