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ABSTRACT

Composite materials enable hydrofoil designers to exploit material anisotropy for hydroelastic tailoring, improving
hydrodynamic and structural efficiency, for example, through drag reduction and optimal load distribution. However,
composite hydrofoils are limited by several constraints, two major ones addressed in this work are flutter instability
and ventilation inception. Current methods for design optimization of hydrofoils consider only static hydroelastic-
ity and neglect the system dynamics. This work presents a methodology for design optimization for a cantilevered
composite hydrofoil considering flutter and ventilation constraints. The hydrofoil is modeled as a composite beam
for the structure and as a lifting line for the hydrodynamics. A frequency-domain approach is used for the unsteady
analysis. A gradient-based optimization algorithm drives the design iterations because these algorithms require fewer
function evaluations than gradient-free methods to find an optimum. We compute gradients of functions of interest
using methods that scale independently of the number of design variables. We conduct several design optimization
studies using the constraints. Design studies demonstrate that flutter constraints are essential—static-only optimization
produces flutter-susceptible designs. Including flutter constraints incurs drag penalties, primariliy from parasitic drag
because the optimizer thickens the structure to suppress flutter. Ventilation constraints limit minimum section chord
and maintain section lift coefficient below critical inception values. The framework presented is a valuable tool for
the rapid preliminary design of high-performance composite hydrofoils—especially when flutter and ventilation are

of concern—with various applications to rudders, lifting foils, struts, propulsors, turbines, etc..



Introduction

Numerical optimization can accelerate the design of
hydrofoils by attaching an optimization algorithm to a
computational model of a hydrofoil and letting the com-
puter do the design iterations a naval architect would
normally do manually. In the hydrofoil optimization
procedure, there will be an objective function describing
the performance of the foil, design variables, and con-
straints. Typically, there are more design variables than
there are objectives and constraints. Gradient-based op-
timization algorithms scale better than gradient-free al-
gorithms when there are many design variables, so we
prefer gradient-based methods to reduce computational
cost.

Most hydrofoil designs focus on steady-state perfor-
mance [24, 50, 63, 66, 75]. This type of analysis might
be adequate for metallic structures, but recent research [3,
4, 81, 83] shows that the dynamic hydroelastic perfor-
mance is also an important a consideration for stream-
lined, lightweight, flexible, marine structures subject to
high loading. Excessive flow-induced vibrations, noise,
dynamic load amplifications (i.e., a large amplification
factor of a fluctuating load), and accelerated fatigue can
be caused by many system dynamics phenomena. Some
examples include lock-in phenomena [12, Sec. 3.3], clas-
sical resonance [76, Ch. 1], parametric resonance [19],
frequency coalescence [86, 87], and hydroelastic insta-
bilities such as flutter and limit-cycle oscillations. Flut-
ter instability is one of the main phenomena we address
in this work. Flutter is a self-excited, dynamic insta-
bility that occurs at some critical speed when the system
damping of one of the modes is equal to or less than zero,
resulting in sustained or growing oscillations at fixed fre-
quency.

A unique aspect of composite hydrofoils is that the
solid-to-fluid added mass ratio (u) is of the order 1/2
or less whereas aircraft wings ¢ may be of order 50 or
more [36]. Metallic hydrofoils have a higher y com-
pared to composite ones. Low p systems, such as ma-
rine and biomedical devices, tend to have lower instabil-
ity speeds [16—18] because of the greater relative impor-
tance of fluid dynamic loads. The governing instability
modes typically differ between airfoils and hydrofoils
because of the relative contribution of fluid loads, so hy-
drofoils are usually governed by static divergence. In
contrast, aerospace structures normally experience flut-
ter [3, 16]. The physics of lower p foils are further
complicated by viscous effects that alter the center of
pressure location and resulting fluid-structure interac-
tion. Viscous models become more important for accu-
rate instability speed prediction as p decreases because
inviscid assumptions tend to be non-conservative at low

w [17, 18]. Composites are relatively new to marine lift-
ing surface design, so the combined influence of low
structural density and material anisotropy on dynamics
is not as well-understood.

Before the 1950s, hydroelastic flutter was thought
to be highly unlikely in contrast to aeroelastic flutter,
because i was low and the reduced frequencies k =
wb /U were high for the slow ship speeds at the time [36].
The theoretical flutter prediction work at the time was
limited to 2D incompressible flow, and it suggested that
below some critical p, flutter was not possible except
for sweptback surfaces [80]. However, it was experi-
mentally shown in the 1970s as part of the US Navy’s
Hydrofoil Development Program that hydroelastic flut-
ter could occur on subcavitating hydrofoils. These labo-
ratory experiments and accompanying theoretical work
on hydrofoil strut systems made of lightweight isotropic
structures showed that dynamic instabilities were prob-
lematic [7-10, 52]. This general understanding of mass
ratio effects on flutter speeds is summarized in Figure 1.
Nondimensionalization of flutter speed U in Figure 1 is
by the semichord b and first torsion frequency w,,. This
work uses improved computational models that can pre-
dict flutter at low p, thus resolving the discrepancies that
previously were the subject of much debate.
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Figure 1: The nondimensional flutter speed versus mass
ratio shows disagreement between 2D theory and exper-
iments on flutter speeds of hydrofoils at low p. We use
improved models that predict finite flutter speeds in the
low p range.

The theoretical deficiency was the disregard of fi-
nite wing effects on the unsteady hydrodynamics. Yates
[79] developed a modified strip analysis to account for
finite wing effects. Yates [80] applied this method to
low mass ratio hydrofoils to predict finite flutter speeds
of unswept wings. This led to the important conclusion
that considering finite wing effects, though more com-
pute intensive than 2D calculations, is necessary for pre-
dicting flutter at low mass ratios. Dowell [21, Sec. 6.3]
says that flutter for small p is still a source a controversy
and some say the cause of flutter for low u systems is



viscous effects [2] or the chordwise flexibility. There
is a wealth of research from that timeframe on hydro-
foil flutter as summarized by Abramson [2], most likely
prompted by interest in hydrofoil craft and the Navy’s
pursuit of 100 kts for their surface vessels. Examples in-
clude the HS DENISON designed by Grumman and the
US Navy FRESH-1 designed by Boeing'.

Flutter is still a present problem that has resurfaced
in high-performance composite vessels. As a modern
example, flutter on racing yacht keels was first reported
in 2004 on the IMOCA 60 yachts in two separate in-
stances. The first was the Poujoulat—-Armorlux during
the transatlantic race, where the skipper lost their keel
and capsized the vessel. The Sill also experienced flut-
ter [6]. Both vessels had canting composite keel fins,
so the mounting joint had flexibility. More recently, the
rudder of Ineos Britannia’s AC40 showed an oscillatory
phenomenon that led to the destruction of the rudder and
loss of control of the towed vessel>. We are unsure of
the composition of their rudder, but it may have been
partially composite.

Computing power has significantly increased since
the 1970s so the older flutter analysis methods that were
shown to have decent agreement to experiments are now
quick enough for them to be used in design optimiza-
tion where several analyses are required. Methods to
consider flutter constraints in gradient-based design op-
timization have also been developed for aerospace ap-
plications [29, 38, 40], but they have not been applied to
hydrofoil optimization.

Another unique challenge to hydrofoil design is ven-
tilation. Ventilation is the entrainment of a noncondens-
able gas. It usually incepts when the local pressure drops
below the pressure of an impinging noncondensable gas
(such as air from the atmosphere) and when a continu-
ous path of air ingress is available [82]. As such, ven-
tilation is a significant challenge for surface craft, espe-
cially surface-piercing foils, struts, or propellers because
the atmosphere has a shorter path into low pressure re-
gions. There have been several studies characterizing
the conditions under which ventilation inception is prob-
able [20, 32, 85-87]. There have not been any gradient-
based design optimization studies where a ventilation in-
ception constraint was used.

This work achieves two objectives: (1) we develop
a gradient-based optimization workflow for composite
hydrofoils considering flutter and ventilation constraints
and (2) we investigate the impact of considering flutter
and ventilation on design optimization of minimum drag
composite hydrofoils. Neither of these have been ex-
plored in the published literature.

I'This vessel experienced a high-speed capsize at 70 kts in 1963
2youtube.com/watch?v=6VPsIDzbCJA

Methodology

The core physics solver in this work is called DC-
Foil.jl [55]. It is a reduced-order model for the dynamic
analysis of composite hydrofoils. Ng et al. [55] dis-
cusses the theoretical details. In summary, the struc-
ture is modeled as a Vlasov composite beam, which is
more accurate than classical Euler—Bernoulli beam the-
ory for lower aspect ratios when the restrained warping
effect (a.k.a. Vlasov effects [74]) impacts the torsional
rigidity. The steady-state hydrodynamics are modeled
using the nonlinear numerical lifting line of Phillips and
Snyder [58] with improvements by Reid and Hunsaker
[62]. The computation of unsteady hydrodynamic loads
follow the modified strip analysis of Yates [79] that has
been extended to consider sweep [11, Sec. 9.8].

The flutter solution is the p-k method commonly used
in aeroelastic flutter predictions [33]. We employ a mode
tracking algorithm [72] and a non-iterative root finding
algorithm to solve for p [73]. Both features are neces-
sary for robust and smooth flutter analysis to compute
gradients of the flutter constraint [38, 39]. The nondi-
mensional complex eigenvalue is p = £ + jk, where
¢ is nondimensional damping and k is the reduced fre-
quency. By sweeping flow speed (U, ), we find the point
where £ > 0 and an unstable solution arises; this is the
critical instability speed. The instability is called flutter
if k£ > 0 and static divergence if £ = 0. Typically, we
plot the evolution of p in the Argand plane and deter-
mine the stability based on where p is. The regions of
stability are in Figure 2.
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Figure 2: Plotting the evolution of eigenvalues p in the
Argand plane across a speed sweep allows us to deter-
mine the hydroelastic stability.

Restructuring the solver architecture

To facilitate scalable and modular multidisciplinary
design optimization, we restructured the code initially
implemented by the authors [55] to use OpenMDAO [30].
OpenMDAO is an open-source Python and Julia package
that uses the modular analysis and unified derivatives
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(MAUD) mathematical architecture. There are a few ba-
sic reasons for this, which are: (1) to couple systems in a
modular and scalable way that generalizes the multidis-
ciplinary analysis (2) to make the computation of deriva-
tives of two or more coupled systems easier, and (3) to
facilitate the interfacing of the multidisciplinary model
with optimizers. OpenMDAQO’s mathematical founda-
tion is the unified derivatives equation (UDE) [35, 53],
which generalizes analytic derivative methods. MAUD
is powerful because it can handle both implicit and ex-
plicit forms of systems. An initial version of DCFoil had
its own custom discrete adjoint for the static hydroelastic
solution and algorithmic differentiation (AD) for the dy-
namic solver. However, now we structured the code to
compute all partial derivatives needed by OpenMDAO
to assemble the total derivative.

Because there are three solution modes in DCFoil
and it used in an optimization framework, we present an
eXtended Design Structure Matrix (XDSM) diagram [48]
to provide an overview of the current methodology in
Figure 3. The other components in the optimization frame-
work are the geometry parametrization modules [31, 42]
and optimization module [78]. Off-diagonal blocks in
Figure 3 show data flow. The iterative optimization al-
gorithm used throughout this work is the constrained
sequential quadratic programming (SQP) method in the
optimizer called SNOPT [25-27]. SNOPT is a general
purpose optimizer suitable for large-scale and general

constrained nonlinear optimization problems. Itis a gradient-

based optimization algorithm that performs best when
the functions are smooth and users provide gradients.
Part of restructuring DCFoil to work using OpenM-
DAO was separating the steady-state fluid and structural
disciplines to use two separate residual equations

rs(u) =0
re(y) =0

structural discipline (D)

hydrodynamic discipline (2)

where the vector u are the structural states and -~ are
the flow states. The static hydroelastic analysis is thus
based on implicit forms. Tight coupling between the
fluid and structural models is achieved through a load
and displacement transfer scheme and a nonlinear block
Gauss—Seidel (fixed-point iteration) scheme to converge
the two systems of equations.

The dynamic hydroelastic analyses are in explicit forms

that use the linearized quantities from the static equilib-
rium solution to compute the flutter and forced vibration
response.

Drag build-up

For DCFoil to be used in design optimization, we
need a simple model for predicting drag, since that is

our objective function. The following drag build-up is
an extension of our previous work [56], but with a few
modifications.

A steady-state drag build-up model must consider
parasitic drag (D)) and drag due to lift. Drag due to
lift is not the same as lift-induced drag [44]. In equation
form, total calm-water drag (not considering multiphase
flow) is

L2
D=Dy+ ——" 3
P %gUgomé% ®)
drag due to lift
where
Dp = Dfric + Dform + Dint + Dspray7 (4)

and e is the Oswald efficiency factor. Our model for the
drag due to lift consists of the lift-induced drag (D;) and
wave-pattern drag (D,,). The parasitic drag—everything
that is not drag due to lift—consists of interference (Dy),
spray (Dgpray), skin friction (Dyic), and form drag (Dyorm).
Because of the geometry we are studing, we omit the
spray and interference drags. To supplement the equa-
tion form of total drag, Figure 4 hierarchically catego-
rizes the drag components and typical nomenclature used
to describe calm-water drag. We do not consider added
resistance due to motions in waves.

The lift-induced drag is computed directly by the
lifting line method. It is the sum of the streamwise force
components from the vectorized Kutta—Joukowski theo-
rem [46, 88], which is

dF; = oT;U; x df; fori=1,...,N, (5)

for NV, abutted horseshoe vortices. The vortex strengths
are I';, the local induced velocities are [7,-, and the spatial
vector along the bound vortex is d@. The sum of di’i in
the streamwise direction is the lift-induced drag. Further
details are presented by Reid and Hunsaker [62].

Due to lifting and thickness effects, the foil gener-
ates surface waves, which adds a component called wave
drag. The lifting effect on the generated waves tends to
be more important. In 2D, wave drag goes to zero at very
high depth-based Froude numbers Fn;, = U /v/gh
[23, Ch. 6]. In the case of 3D flow, the 2D behavior
is that of the transverse waves. The divergent waves still
contribute to wave drag regardless of how high F'nj, is.
The wave drag prediction is given by Breslin [14] as-
suming an elliptic lift distribution and linearized poten-
tial flow. The expression for total inviscid drag (valid for
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Figure 3: Optimization framework XDSM diagram [48] using the reduced-order hydroelasticity model. Main diagonal
blocks in orange are the core analyses that have their own solvers. Green boxes show analyses using information passed
to them. Off-diagonal blocks are variables and arrows denote the direction these variables flow. The optimizer in the
blue circle drives this whole process. White boxes are converged results. The reader is referred to Lambe and Martins

[48] for in-depth description of terminology.
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Figure 4: Sources of hydrodynamic drag in calm-water.
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The depth is h, the full span of the hydrofoil is s, and
the acceleration due to gravity is g. The functions K and
E are complete elliptic integrals of the first and second
kind [1, Ch. 17]. The function J; is the Bessel function
of the first kind of order 1 [1, Ch. 9]. The first term
in the inviscid drag expression is the lift-induced drag.
The term o () is the well-known Prandtl biplane func-
tion [59]. These particular closed-form expressions for
o(A) from [23, Ch. 6] assume elliptical circulation dis-
tributions. To not double count the lift-induced drag in
an unbounded fluid, we only take the last two terms from
Breslin’s expression in our drag build-up. The wave drag
prediction compares well to experimental measurements
by Wadlin et al. [77].

The profile drag (skin friction plus form) at hydrofoil
sections assumes a flat-plate estimate with form factor
corrections. The friction drag is estimated via the ITTC
1957 line

Dy 0.075

= —_— ) 6
$0UZWSA  (log,, (Re) — 2.0) ©

Cy

where WSA is wetted surface area. The equation is an
empirical formula for skin friction of naked ship hulls
assuming turbulent flow [15]. The empirical form factor
(1+k) is determined from Torenbeek [69] for a subsonic

wing
t £\*
1+k:1+2.7(0>+100<c> : (7)

where the first term with thickness captures the increased
skin friction from thickness effects and the quartic term
accounts for flow separation drag. This equation misses
the lifting effects on the profile drag, sometimes referred
to as the “supervelocity” effect [61, Sec. 12.5.5], which
increases the skin friction and form drag. Profile drag is
then

Dpr = (1 + k')Dfric- (8)

Consideration of free surface effects

Following Besch and Liu [7, 8], Liu and Besch [52],
we use a high-speed, high-frequency limit correction for
the free surface effect since these are the conditions where
flutter is likely. Most important problems in hydroelas-
tic stability will usually occur at high F'n. The linearized
free surface boundary condition in the frequency domain
is

2
L ©)
g 0z
where ¢ are the perturbation potentials [47, Ch. IX]. For
w — o0, the result is ¢ = 0 on the free surface, which

leads to the antisymmetry boundary condition [54, Sec. 6.17],

analogous to a biplane in aerodynamics.

Faltinsen [23, Sec. 6.8.2] remarks that correcting the
sectional vorticity and combining with a lifting line so-
lution for the downwash is an accurate approximation
to 3D free surface effects at the high F'nj, limit. When
the circulation distribution is elliptical, the downwash is
constant and so this 2D free surface correction general-
izes well to 3D. The theoretical 2D free surface correc-
tion for F'nj, — oo originally presented by Wadlin et al.
[77] is

v (%) 1+16(h/e)?
v (B =o0) ~ 2+16(h/c)?

(10)

which would be applied at each spanwise section. This
2D correction approach is faster to compute than mod-
eling the entire negative image, but this model breaks
down for non-elliptic loading. This approach compares
well with experiments by Van Walree [71] for rectan-
gular foils with /R = 6 at higher F'n,. Ng et al. [56]
followed this as have others in similar manners [37, 68],
and the approach is used here for the inner airfoil solve
of the lifting line. Thiart [68] generalized this 2D free
surface correction of the lifting line to work with non-
elliptic loads and arbitrary F'ny,.

The modified c,, affects only the quasi-steady forces
(i.e., fluid damping and fluid de-stiffening). It does not
correct the added mass. Even so, this is still not to be

considered accurate because the frequency-dependent trans-

fer functions on the circulatory loads (Theodorsen and
Sears functions) are the same. Theodorsen [67] and Sears
[64] original derivations assumed radiation conditions in
the farfield, so by continuing with the unmodified circu-
lation functions here, we are neglecting how free-surface
proximity changes the induced circulatory forces from
wake vorticity. These neglected effects are frequency-
dependent, so for flutter occurring at higher reduced fre-
quencies, this may be an acceptable approximation.
Fluid added mass for objects near a free surface is
quite complicated, especially if using the fully nonlinear
free surface condition [13, Sec. 3.8]. The added mass
calculation in potential theory depends on shape, depth,
frequency of motion, direction of motion, and forward
speed. The majority of modern approaches use numeri-
cal methods to compute the added mass, which is more
compute intensive than analytic formulae. Besch and
Liu [7], Liu and Besch [52] and Besch and Liu [8] ap-
plied empirical spanwise correction factors p to 2D val-
ues that enforced the added mass to be zero at the free
surface for their surface-piercing foil, which is appli-
cable at high reduced frequencies. They compared de-
cently with experimental measurements by Baird et al.



[5]. Their correction factor for the ¢th strip is

AR,

N

where AR; is the local aspect ratio of the ith strip using
the submerged span of the local position in the case of
surface-piercing bodies. The midspan of the submerged
portion of the foil is a reflecting plane in the case of a
submerged geometry with a free tip.

(1)

Constraints

The flutter constraint we use was first presented by
Jonsson et al. [38]. It uses double Kreisselmeier—Steinhauser
(KS) aggregation [43] on Re(p): first for all dynamic
pressures (¢ = 1,...,Ny), and then for all evaluated
modes (n = 1,..., N). The result is the single constraint

Iflutter = KS [KS (Re(pn,q))] <0. (12)

This flutter constraint is based on linearized theory and
small amplitude deflections. It is adequate if nonlin-
ear flow and structural effects are stabilizing. When the
nonlinearities are stabilizing, this is called supercritical
limit cycle oscillation (LCO). It is possible to have sub-
critical LCO where the nonlinearities are destabilizing,
in which case, beyond small amplitude deflections, this
flutter constraint is insufficient [28]. This constraint is
adequate for preliminary design.

Damley-Strnad et al. [20] derived a semi-empirical
ventilation criteria by fitting experimental data in the
Fny-Cy, space. In the context of strip theory, we can
adapt their relation to

1— efaanh,(y)

L) = ——— 1
Ctin (Y) Frls) (13)

where ¢y, is the sectional lift coefficient along the span
at which ventilation incepts. To constrain ventilation,
we set a design free surface cavitation number o}, =
(Patm — Dvap) / (%QU 020) that uses vapor pressure as the
cavity pressure. If there were subatmospheric condi-
tions, such as the experiments by Swales et al. [65] where
they tested at 0.046pym, then the pym term in o}, would
be reduced, as would the predicted lift coefficient of in-
ception.

To keep local lift coefficient below the inception lift
coefficient, we evaluate the ventilation constraint every-
where along the span and apply a KS aggregation to find
the smooth maximum.

Gvent = KS (CZ,i - Clm,i) S 0 (14)

Model setup

The geometry is a tapered 0.9 m semispan foil sim-
ilar to the one studied by Ng et al. [57]. A schematic
of the front view and top-down view are in Figure 5
and Figure 6, respectively. The fiber angle 6 is mea-
sured from the midchord axis 3’ such that when there is
a sweep angle A, there is a local set of axes (z'y’2’) from
which 6 is measured.

r’N

y
h=0.3m
!_
s =0.9m
Figure 5: Front view
2
0.36m 0.18m

Figure 6: Planform view

For the contrived purposes of demonstrating the flut-
ter constraint, we make a few settings. We use the ma-
terial properties of a much softer polymer matrix com-
posite (PMC) listed in Table 1. The baseline fiber angle
is aligned towards the leading edge to induce some tip
washout (fy = 15°). The distance from the elastic axis
(e.a.) to the midchord is set to ab = —0.0928b along
the span based on experimental measurements by Young

etal. [84] for a geometrically similar carbon fiber-reinforced

plastic (CFRP) foil. We also set the static imbalance arm
to be x,b = 0.0928b along the span so the center of
gravity is at the midchord. Furthermore, a 4 kg tip mass
with a 2 kg-m? moment of inertia is placed 0.2 m aft of
the e.a. Adding the tip mass is similar to bulb keels or
podded propulsion. With these settings, the baseline foil
has flutter instability very close to 25m/s. The foil is
discretized into 20 collocation points for the lifting line
model and 10 nodes for the beam model. We assume
seawater properties given in Table 2.

The DCFoil model is parametrized using leading edge
(LE) and trailing edge (TE) coordinates embedded within
a free-form deformation FFD volume shown in Figure 7.



Table 1: Polymer matrix composite properties. Sub-
script 1 and 3 are transverse to the fiber axes and sub-
script 2 is along the fiber length.

Solid density ) 1800  kg/m?®
Transverse Young’s modulus FEi = E;3 4.47 GPa
Longitudinal Young’s modulus ~ E» 39.27  GPa
Shear modulus Gin=Gys 1.30 GPa
Poisson’s ratio 123 0.25 -
Table 2: Flow constants
Atmospheric pressure  pym  101.3 kPa
Vapor pressure Dvap 2.34 kPa
Dynamic viscosity n 1.12 x 1073 kg-m/s
Fluid density 0 1025 kg/m3

We generate LE and TE coordinates for a full span foil
and apply the FFD volume to the whole span even though
we only work with a semispan during optimization. The
reason is so that it would be easy to progress to full span
optimizations in the future where we could consider lee-
way and heel angles. This does not significantly increase
the computational load.

Optimization problem statement

We want to design a low-drag composite foil that
is structurally sound and avoids ventilation and flutter.
Table 3 summarizes the full optimization problem. We
have constraints on lift, static tip deflection, ventilation,
and flutter. We set the optimality and feasibility toler-
ances for SNOPT to 10~*. Optimality tolerance quanti-
fies the maximum complementarity gap (i.e., the degree
of optimality) and is a measure of the tolerance on the
Karush—Kuhn-Tucker (KKT) conditions [41, 45]. The
KKT conditions are the foundation of gradient-based con-
strained optimization algorithms as they give the first-
order constrained optimality conditions. The feasibility
tolerance quantifies the nonlinear constraint violation.
Linear constraints are satisfied at the quadratic problem
level. We want both tolerances as close to zero as possi-
ble.

We design for three flow conditions representing an
operating profile given in Table 4. Because planform
area can vary, the reported C7, is based on the initial ref-
erence area. The speeds and loadings are based on Liao
et al. [50], Ng et al. [57], but the depths are much lower
to see the impact of free-surface proximity on design.

For the flutter speed sweep, the angle of attack is set
to g = 4°. Because the structural model is linear, the
angle of attack will not significantly impact the flutter
prediction. The speed sweep is from 5-25 m/s with an

7

Figure 7: DCFoil leading edge and trailing edge mesh
embedded within an free-form deformation (FFD) con-
trol volume (red dots are FFD control points).

Figure 8: From left to right and top to bottom, the base-
line geometry has span, taper, twist, and sweep progres-
sively added so the final image shows all geometric de-
sign variables applied.



Table 3: Complete optimization problem statement.

Symbol Description Lower Upper Units  Qty

minimize > 7*°wt; x D Weighted drag N 1
by varying  «p Root angle -10 10 ° 1
I Equivalent laminate fiber angle -30 30 ° 1

t/c Thickness/chord ratio 9% 18% - 10

A Sweep angle 0 30 ° 1

s Hydrodynamic span so—0.1 so+0.1 m 1

TR Taper ratio 0.5TRy 1.4TR, - 1

¥ Twist distribution -10 10 © 4

Total number of design variables 19

subjectto L Lift constraint L* L* — npts
Gvent Ventilation constraint (Equation 14) - 0 —  npts

Wiip Static tip bending constraint — 5% initial semispan m 1

Jflutter Flutter constraint (Equation 12 with pgs = 500) - 0 - 1

Total number of constraints 8

upper limit on 25 m/s because there would be extensive
cavitation or ventilation on the foils beyond this speed,
so the fluid models and thus flutter predictions would not
be accurate.

Results

There are three sets of optimizations. The first set
are single point static optimizations. These are run with
the free surface and added mass corrections on and off.
There are a handful of published studies looking at the
effects of free surface proximity on flutter behavior of
subcavitating hydrofoils. Abramson [2] notes that flutter
speed generally increases as a fully submerged foil nears
the free surface, a conclusion that is supported by theo-
retical and numerical results. It is both conservative and
practical to use classical theory, without consideration of
a free-surface, for flutter analysis of fully submerged hy-
drofoils; this means it is valuable to consider free surface
effects to avoid an overly conservative design. Abram-
son [2] notes that flutter in the single degree of freedom
(DOF) of pitch is exacerbated by free-surface proximity,
so it may be important in control surface design.

The second set of optimzations are single point static
and dynamic optimizations. These single point optimiza-
tions use the ‘p3’ condition in Table 4.

The third set is the multipoint static and dynamic op-
timizations. We abbreviate the sets of results according
to the names in Table 5. The baseline designs used in
comparisons are all trimmed to match the lift constraint.

Single point optimizations

Table 6 summarizes all designs in this section.

Static only

After performing static hydroelastic optimization, we
obtain the ‘optl’ and ‘optl-fs’ designs. These designs
achieved around 13% drag reduction. The spanwise dis-
tributions of the ‘optl’ and baseline composite foils are
plotted in Figure 9.

The baseline produces too much lift inboard and vio-
lates the ventilation constraint. The consideration of the
free surface has no significant impact on the static per-
formance of the optimized design nor does it result in a
different design for this particular flow condition. The
angle of attack increases for ‘optl-fs’ to match the lift
constraint by a very small amount compared to ‘optl’.
Other parameters also vary just slightly, but the changes
are so small that they could be attributed to the optimal-
ity and feasibility tolerances. Because of the negligible
differences in all aspects, we omit it from Figure 9 for
clarity.

For planar lifting surfaces where lift is the only con-
straint, the elliptical distribution of lift is the most hy-
drodynamically efficient because it gives the minimum
lift-induced drag. Increasing the span also reduces lift-
induced drag. The optimized foil increases its span to
the upper bound. We have additional constraints that
cause deviations from the ideal distribution, such as the
tip bending constraint, which should favor inboard load-
ing. The optimized foil displays a bell-like shape in its
lift distribution in Figure 9 and thicker cross-sections to-
wards the root to satisfy the tip bending constraint. This
trades increased form drag for reduced lift-induced drag
whilst satisfying the tip bending constraint.

When we say bell-like distribution, we do not mean
the analytic bell-shaped distribution determined by Prandtl
[60] because our problem is different.® Prandtl [60] orig-

3Hunsaker and Phillips [34] gives the English translation of the



Table 4: Optimization design conditions.

Point ID  Condition Uso h[m] Fn, L*[N] Cp o} wt
pl Top speed 24 m/s 0.3 14 14000 0.2 034 30%
p2 Cruise 20 m/s 0.3 11.7 14500 0.3 048 60%
p3 Maneuvering 17 m/s 0.3 9.9 21000 0.6 0.67 10%
Flutter envelope 5-25m/s 0.3
Table 5: Optimization matrix. When there is a free sur-
face model in the optimization, ‘-fs’ is appended to the
—— Elliptical distribution name.
L' [N/m] 1% o o Name Description
o 13, >
; A0 optl  Single point static hydroelastic optimiza-
0.0 tion
______ opt2  Single point static and dynamic hydroelas-
tic optimization
o ? opt3  Multipoint static and dynamic hydroelas-

Jig twist

—— In-flight twist

09 1.0

Omax

- 0.0
OOP bending [m]

09 1.0

0.0 09 1.0

Spanwise position [m]

Figure 9: Spanwise attributes of the single point static
optimized hydrofoil compared to the baseline (orange)
at the 17 m/s condition.

tic optimization

inally determined an analytic relation for a bell-shaped
lift distribution that has the minimum lift-induced drag
for a given lift and moment of inertia of the lift distri-
bution (i.e., bending moment). Prandtl did not include
parasitic drag in his calculations nor were there ventila-
tion constraints that impact the minimum total drag de-
sign. This current work also has a structural model while
Prandtl worked solely with an aerodynamic model.

Slightly positive fiber angles balance bending rigid-
ity with hydroelastic washout from nose-down material
bend-twist coupling. The jig twist is also tailored to con-
sider this deflected shape. The ‘in-flight’ twist in Fig-
ure 9 remains near but slightly below 0° throughout most
of the span before increasing slightly at the tip. The
slight increase of twist near the tip helps fill out the ¢,
distribution subject to the ventilation constraint.

The interplay between the ventilation constraint and
design variables has an impact on the distribution achiev-
able. The semi-empirical ventilation constraint is analo-
gous to a ¢y, constraint used in aerodynamic design.
Nevertheless, this may be the first instance of its use
in gradient-based design optimization. We see the op-
timized foils tailor their spanwise ¢, distributions to re-
main below the critical value despite tapering. Tapering
reduces skin friction drag but increases local c,. If heel
angles were considered, we would expect the distribu-
tion to follow a modified bounding ¢, envelope instead
of the rooftop in this simpler study.

original German manuscript.



Table 6: Summary of single point optimized designs with percent differences in objective function relative to baseline

Parameter opt2-fs opt2 optl-fs optl Baseline  Units
Objective

D 615 (-9.7%) 624 (-8.2%) 592 (-12.9%) 595 (-12.5%) 680 N
Design variables

o 3.05 291 3.72 3.53 4.27 °

0¢ 14.0 14.0 13.9 13.5 15 °

t/c See Figure 9 See Figure 16  Same as optl  See Figure 9 9%

A 6.8 6.8 0 0 0 °

s 1.0 1.0 1.0 1.0 0.9 m

TR 0.92TRy 0.92TR 0.6TR¢ 0.6TR¢ TRg

ol See Figure 9 See Figure 16 Same as optl  See Figure 9 0 °

No sweep is present, which suggests it is not a criti-

cal design variable in this single point optimization. Sweep

usually helps in multipoint optimization. Sweep alters
lift distributions in a load-dependent way and can mod-
ify cavitation inception speed and susceptibility to struc-
tural failure such as shown in other works [49-51, 57].
Our reduced-order model will not capture the effect of
sweep on cavitation inception speed, but it can capture
the other effects. DCFoil can also capture the impact of
sweep on flutter instability.

A drag breakdown in Figure 10 reveals where most
of the performance gains are. The drag of the base-
line design comes primarily from profile and lift-induced
drag in nearly equal proportions; the wave-pattern drag
is of a smaller proportion. The drag due to lift consti-
tutes nearly 60% of the total drag of the baseline. As
explained, mostly the lift-induced drag D, is reduced
in the optimized design. Increasing the span also re-
duces the wave drag D,, as it also has an inverse square
proportionality to span because it is a drag due to lift.
The balance between increased span, more tapering, and
root thickness increases keeps the profile drag nearly the
same between the optimized and baseline.

Though these appendages were optimized with no
dynamic constraints, we analyze their dynamic perfor-
mance to understand what happens when one neglects
dynamic performance in design optimization. Figure 11
plots the evolution of the dimensional eigenvalues of the
hydroelastic modes across the flutter speed sweep in the
complex plane. The flutter inception speed of the stat-
ically optimized foil significantly drops to about 14 m/s
for mode 1. Mode 3 of ‘optl’ also becomes unstable
later at 22 m/s, but the lower critical speed is the impor-
tant one.

We see that the frequency of mode 1 of the ‘opt1’ foil
are lower than the baseline throughout the speed sweep
primarily due to the increased span and tapering. It even-
tually flutters at 4.2 Hz. The hydroelastic mode shape at

10

288 (48.4%) 288 (42.2%

il (D = 595.1N)
1 (D 681.1N

200

D, D; D,

pr

Figure 10: Drag breakdown between optl and the base-
line (orange) composite foils. Most reductions are in the
drag due to lift (D; + D,,)

the critical speed of 14 m/s is shown in Figure 11. Itis a
mix of twisting and bending shapes resulting from mate-
rial anisotropy and other sources of bend-twist coupling
such as the offset in c.g. from the e.a..

When we turn on the free surface model for the flut-
ter analysis, we obtain the root-locus diagram in Fig-
ure 12. We see that ‘optl-fs’ has marginally increased
frequencies of the hydroelastic modes compared to ‘optl’
because of the added mass corrections and reduced cg_,’s.
There is minimal impact, but the effect is that the flutter
speed increases by hundredths of a meter-per-second, at
least for this particular foil at these conditions. This is in
agreement with the literature [2]. Considering the quasi-
steady free surface effect in the flutter analysis would
allow for designs that are less conservative than using
the unbounded fluid assumption.

The results of the dynamic analyses are significant
because this demonstrates that under a static-only hy-
droelastic design optimization, the optimized design is
dynamically unsafe. We need dynamic constraints in our
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Figure 11: Root-loci of ‘optl’ versus baseline (faded
lines) and the hydroelastic mode shape of ‘optl’ at the
flutter inception speed. The statically optimized foil has
flutter instability of mode 1 around 14 m/s when the pole
crosses into the right half plane.
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Figure 12: Root-loci of the optl-fs versus optl (faded
lines). The free surface effect increases resonance fre-
quencies but generally has minimal impact for these con-
ditions.

—2 0 2

optimization, hence the ‘opt2’ optimizations presented
next.

Static and dynamic

The spanwise distributions of the ‘opt2-fs’ compared
to the baseline composite foils are plotted in Figure 13.
The first major difference is that ‘opt2-fs’ achieves a
nearly elliptical lift distribution instead of the bell-like
distribution on the static-only optimized designs. The
twist distributions are very different from the static-only
optimized designs too. In the static-only optimizations,
we saw the ventilation constraint was at its bound, but
that is not the case here because the flutter constraint
drives variables a different way.

First, the fiber angle 0 of ‘opt2-fs’ is high enough to
maintain sufficient torsion stiffness to delay flutter. Not
decreasing the chord distribution also keeps torsion stiff-
ness sufficiently high to delay flutter, even though re-
ducing it would reduce skin friction drag. The increased
chord means the ¢, easily stays below the critical venti-
lation inception cy,, . The increased thickness compared
to the static-only optimized cases also seems associated
with the flutter constraint. The tip bending constraint is
not active as a result. Backwards sweep increases hydro-
dynamic damping so it delays flutter.

Figure 14 tells a similar story to the drag reductions
seen in the static-only optimizations, which is that most
drag reduction comes from reducing the drag due to lift.
However, the ‘opt2-fs’ suffers an increased profile drag
penalty in order to satisfy the flutter constraint. There
is about a 10% reduction in total drag. In contrast to
the static-only optimized cases that achieved nearly 13%
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Figure 13: Spanwise attributes of the single point static
and dynamic optimized hydrofoil compared to the base-
line (orange) at the 17 m/s condition.

drag reduction, there is a drag penalty of about 3% as-
sociated with the flutter constraint. This drag penalty in
the parasitic drag is a necessary price in increasing the
rigidity of the structure to avoid flutter.

Gray et al. [29] and numerous others have observed
this drag penalty in subsonic aeroelastic optimizations.
The state-of-the-art flutter constrained aeroelastic opti-
mizations use higher fidelity RANS CFD and built-up
FEM then condensed to a reduced-order dynamic aeroe-
lastic model [29, 40]. These simulations need to be per-
formed on high-performance computing clusters using
parallel computing. Thus, it is significant that we are
able to capture the drag and flutter suppression trade
with only reduced-order models.

315 (51.2%)

300 288 (42.2%) 287 (42.1%) B opt2-fs (D = 614.8N)

I triml (D = 681.1N)

210 (34.1%)
200

90 (14.7%)

D, b, D,

Figure 14: Drag breakdown of the flutter-constrained
design ‘opt2-fs’ compared to the baseline (orange).

Figure 15 plots the root-loci of ‘opt2-fs’ compared to
the baseline. The design pushes the bounds of the flutter
constraint on mode 1 but remains feasible.

Mode 4

_—

Mode 3

f [H7]

Mode 2

lode 1

<

-0 -8 6 -4 -2 0 2
g [1/5]
Figure 15: Root-locus diagram of the baseline (faded

lines) versus ‘opt2-fs’.

So far, the analyses on designs suggest that consider-



ing the free surface allows for less conservative designs
that can push the bounds on constraints. Another set of
static and dynamic optimizations using the unbounded
fluid assumption correspond to the ‘opt2’, which we com-
pare against the ‘opt2-fs’ results we presented. We want
to understand how much the free surface effect impacts
the static and dynamic optimization.

In Figure 16, we compare the spanwise distributions
of the static and dynamic optimization with and without
the free surface model. Many of the design variables are
similar; the distribution of thickness-to-chord ratio is the
biggest difference. The model without the free surface
effect ‘opt2’ has a noticeably higher ¢/c distribution in-
board. This is expected given that the free surface effect
tends to raise the flutter speed. As such, neglecting this
effect results in an optimized design that has a more ro-
bust structure. The ¢/c distribution seems to be the most
significant change when considering the free surface ef-
fect, though there are slight differences in the optimized
twist distributions.

The differences in twist distributions are side effects
of the t/c distribution because the jig twist distributions
between ‘opt2’ and ‘opt2-fs’ are nearly identical. The
spanwise lift distribution deviates from the ideal as a re-
sult with a little too much lift outboard, so ‘opt2’ will
have more drag due to lift. This is an interesting fea-
ture because there appears to be no constraint or design
variable bound stopping the optimizer from modifying
the jig twist of ‘opt2’ to achieve the elliptical distribu-
tion. Such modifications would not violate the ventila-
tion constraint. This feature may be an artifact of numer-
ical precision or noise from the reduced-order model,
optimality tolerance, or the presence of a local minima.
From a practical perspective though, these are very small
differences that do not mean much in preliminary de-
sign. They could be refined at a later stage.

Figure 17 compares the drag build-up between the
two designs and shows that ‘opt2’ has more drag than
‘opt2-fs’ in all categories. Compared to each other, ‘opt2-
fs’ has around 1.5% more reduction in total drag than
‘opt2’ (see Table 6). The ‘opt2’ has more profile drag
because it has more thickness. It has more lift-induced
drag primarily because the spanwise lift distribution de-
viates slightly more than ‘opt2-fs’ from elliptical as it
has slightly more lift outboard. The wave drag model

does not depend on the spanwise distribution, so we found

that the slight increase in wave drag of ‘opt2’ is because
it produces a little more lift than ‘opt-fs’, but within the
limits of the lift constraints we set. The lift-induced drag
is slightly higher because of this effect as well. The wave
drag differences are not significant from a design stand-
point in the sense that the optimizer is not teaching us a
clever design technique to reduce wave drag. The gen-
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Figure 16: Spanwise attributes of the static and dynamic
optimized foils with (‘opt2-fs’ in orange) and without
(‘opt2’) consideration for free surface effects during the
optimization.



eral conclusion is by considering the free surface effect
in a flutter-constrained optimization, one can produce
designs with lower profile drag.

318 (51.0%) 315 (51.2%)

— opi2 (D = 623.7N)
E— opi2-fs (D = 614.8N

2LLBLIL 210 (34.1%)

D,, D;

Figure 17: Drag breakdown of the ‘opt2’ and ‘opt2-
fs’ designs. Optimization achieves a lower drag design
when considering the free surface effect.

The root-loci between ‘opt2’ and ‘opt2-fs’ do not
display significant differences that teach us something
new so they are not shown. They only showed that the
‘opt2-fs’ design has slightly higher resonance frequen-
cies despite marginally lower structural thicknesses be-
cause the free surface effects dominate. We already dis-
played the free surface effect on the eigenvalue evolu-
tion in Figure 12. Capturing the change in resonance
frequencies may be important if lock-in and resonance
need to be avoided.

Multipoint static and dynamic optimization

Performing single point optimizations means the de-
signs are performant at one particular condition. The
performance of single point designs at other speeds or
loadings tends to deteriorate [22]. For this reason, we
conduct three point design optimization using the condi-
tions from Table 4.

The resulting drag of the foils is summarized in Ta-
ble 7. Optimization achieves decent reductions in the
weighted drag objective of over 6%. There is no notice-
able difference in drag reduction whether a free surface
is considered or not. The designs in either case ended up
identical hence the ‘opt3’ case is not plotted for brevity.

Figure 18 compares the spanwise attributes of ‘opt3-
fs’ to the baseline. The optimized design is similar but
different from the previous single point designs. The
span goes to its maximum to reduce drag due to lift. Un-
like the flutter-constrained optimizations (opt2 family),
the spanwise lift distribution is not elliptical. This is be-
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Table 7: Drag of multipoint optimized designs with per-
cent reductions compared to the baseline

arameter opt3-ts opt. aseline nits
P pU3-f pt3  Baseline Uni
S w x D 539 (-6.4%) 539 (-6.4%) 576 N

YD 1719 (-6.8%) 1719 (-6.8%) 1844 N

cause the high C'f, condition only has a 10% weight in
the drag objective so reducing parasitic drag is priori-
tized. The spanwise lift distributions look more simi-
lar to the static-only optimizations (optl family). These
foils have bell-like lift distributions and their ¢, distribu-
tions are up against the ventilation limit at the p3 condi-
tion as a result of reduced chord.

Figure 19 shows the drag breakdown of the multi-
point design. The parasitic drag is over 60% of the total
drag when considering the three design points. We see
that all categories of drag are reduced compared to the
baseline. The tapering reduces skin friction drag overall
despite the conflict with increasing span. The increased
span reduces the lift-induced and wave drag. It is likely
that if the low-speed, higher lift condition were more
heavily weighted in the drag objective, we would see lift
distributions closer to elliptical.

The fiber angle is much closer to 0° than the previous
sets of optimizations, so this means bending stiffness is
important. We see that for the p3 condition, ‘opt3-fs’
is at the tip deflection bound. Any reduction in bend-
ing stiffness would violate this constraint. The value
of 0y = 4.5° provides slight material nose-down bend-
twist coupling. There is only slight twist in its deflected
states shown in Figure 18.

Interestingly, there is no sweep despite this being a
multipoint design. The addition of sweep here would
lead to hydrodynamic inefficiencies with more washout
and increase lift-induced drag. Because the foil is not
trying to achieve an elliptical lift distribution at any of
the points (which is partially caused by the ventilation
constraint), sweep is not a design variable that can help
reduce drag. Backward sweep could increase damping
to delay flutter, but the optimizer has found a sufficiently
damped design such that it does not need sweep.

The root-loci of ‘opt3-fs’ versus the baseline are in
Figure 20. The optimized foil avoids flutter, but mode 1
is extremely lightly damped across the entire speed en-
velope in comparison to the baseline. This can be prob-
lematic when subjected to wave-induced loads that tend
to be lower frequency. Ocean wave periods are on the or-
der of 10 seconds, but they can get as low as 3-5 seconds
in the Great Lakes [70, Ch. 8].
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Figure 18: Spanwise attributes of the multipoint static and dynamic optimized foil ‘opt3-fs’ (blue) compared to the

baseline.
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Conclusions

We created a framework for enabling scalable and
generic composite marine appendage design optimiza-
tion to consider flutter and ventilation constraints for the
first time in the published literature. All the design vari-
ables, geometric and structural, have interplay and im-
pact the design of an optimal and feasible composite
hydrofoil; the optimization methodology presented here
allows us to explore the design space more efficiently.
Through several studies, we used the methodology to
learn about hydroelastic design of composite hydrofoils.

We used this framework to successfully minimize
the total drag (between 6—14% reduction) of a cantilevered
composite hydrofoil subject to constraints. We make
these design recommendations based on our studies:

* To reduce the total drag, increasing the span while
reducing local chord is a higher priority than achiev-
ing an elliptical lift distribution when there are
strict constraints.

¢ Optimizing with no flutter constraint results in an
unsafe design so we need this constraint, but there
is a drag penalty associated with satisfying the
flutter constraint.

» Considering the quasi-steady free surface effect
in design can result in minor parasitic drag re-
ductions because the structure can be thinned out
more.

These recommendations apply to several hydrofoil ap-
plications such as high-performance racing yachts and
high-speed surface craft.

There are several areas of future exploration. One
possibility is to consider different depth-to-chord ratios
in the design points to observe how free surface proxim-
ity impacts the design and if there are particular situa-
tions where it matters more or less.

Though the dynamic constraints use numerous tech-
niques to reduce cost, we observed some instances where
the reverse AD derivative computation for the flutter cost
function used large amounts of memory (up to SOGB of
RAM). The desktop computer on which we ran simu-
lations had 64GB of RAM so this did not cause fail-
ures. However, future work should investigate methods
to reduce the memory usage so these types of optimiza-
tions could be conducted on a decent laptop rather than
a desktop. Through surveying other Julia codes, we be-
lieve the primary culprit is the data types we used for
the reverse AD package Zygote.jl. More specifi-
cally, we use buffer data types during the frequency and
speed loops. Refactoring of the source code to work
with ReverseDiff. jl and Mooncake. jl are cited
to be more efficient.
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Lastly, most of the reduced-order models in DCFoil
have been independently validated [55, 56] for simpler
cases, but it would be valuable to experimentally vali-
date an optimized design. We have an ongoing effort to
obtain cavitation tunnel and modal test data on an op-
timized CFRP hydrofoil at the Australia Maritime Col-
lege that would help increase our confidence in using
this model for design.

This methodology using reduced-order models and
gradient-based optimization is valuable to the prelimi-
nary design design of high-performance composite hy-
drofoils, especially if ventilation and flutter are prob-
lems. It could be incorporated into practical design work-
flows to determine initial designs to pursue in the detail
design phase to help save time and resources.
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