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ABSTRACT

The US Navy has embarked upon the development of a new computational tool for simulating the
responses of a ship operating in severe sea states. This new tool, TEMPEST, is designed to be
computationally efficient to support real-time training simulators as well as high-resolution
evaluation of surface-ship, dynamic-stability performance across a wide range of possible
environmental conditions. TEMPEST aims to improve the state-of-the-art for real-time
computations through the inclusion of nonlinear (body-exact) hydrodynamic perturbation forces and
physics-based, viscosity-influenced lift and cross-flow drag forces. Slender-ship and low-aspect-
ratio lifting-surface theories provide the ability to maintain computational efficiency while
including the dominant nonlinearities within the dynamic stability problem. This paper argues for
the efficacy of TEMPEST’s theory in reconciling the need for accurate predictions with

computational efficiency.
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INTRODUCTION

Ship operability and safety are often linked to
its motions in waves and eventually to its
dynamic-stability risk. Evaluation of dynamic-
stability risk is primarily achieved through the
gathering of performance data in the wave
environment and speed-heading condition of
interest. The performance data can be obtained
from model tests or simulations. Model tests
are expensive, limited in flexibility (wave
conditions, run length), and can have scale
effects. If the design changes, or even the
loading condition changes, an entire new model
test needs to be executed. Simulations offer the
opportunity to include scale effects, provide
nearly any environmental input desired, and are
generally easier to re-run when geometry or
loading conditions change. However, there is a
significantly higher burden on simulations to
validate the theory for full-scale ship
performance. Regardless, there remains a need
for the designers or regulatory authorities who
need to evaluate dynamic-stability risk to have
several tools at their disposal. Model tests,

high-fidelity computational tools (like CFD),
and fast simulations all have their roles.

The number of conditions that must be
simulated depends upon the resolution to which
dynamic stability needs to be characterized. If
the failure modes are not known a priori, it
may be necessary to obtain motion statistics
over a complete range of environmental and
ship operating conditions. If the matrix of
conditions includes multi-directional seas with
two or more wave systems (swell is more than
likely not correlated to the wind-driven sys-
tem), the total number of simulations quickly
grows. For a nominal speed-heading resolution
of every 5 knots and 15 degrees, each environ-
mental condition could have approximately
150 conditions for which extreme value statis-
tics need to be generated. Because of this,
there is a need for computational efficiency.
However, computational speed does not pro-
vide the designer or regulatory authority any
benefit if the answer is wrong. The goal then is
to generate sufficiently accurate results as com-
putationally efficiently as possible. The evolv-
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ing understanding of the relevant physics al-
lows for theory to be only as complex as
needed. It is with this objective that the U.S.
Navy has embarked upon the development of a
new dynamic-stability simulation tool called
TEMPEST.

PHYSICAL PROBLEM

A simulation tool needs to be able to include
the physical phenomena that are relevant to the
full-scale problem. As such, the first step in
developing a computational tool is to identify
what the physical problem is and decompose it
in @ manner that can be modeled. At the
highest level, the physical problem can be
described by the ambient environment, the ship
control condition, and the forces acting on the
ship. Figure 1 illustrates the physical problem
to be modeled.

Environment

The definition of the ambient environment for
the dynamic stability problem must include
both the wind and wave environments. In
realistic sea conditions, the wave environment
is generally considered multi-directional. An
example polar spectrum showing two distinct
wave systems is shown within Figure 1. It is
important to be able to include multiple wave
directions in a computational model because of
the unique physics that occur in such a
situation. For example, one wave system may
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degrade transverse hydrostatic stability while
another may provide a rolling moment.

Another aspect of the wave environment
that is strongly correlated to dynamic-stability
risk is the steepness of the seas. Steep seas
have a more significant impact on the change
in wetted geometry, which has a large effect on
the forces felt by the hull. Within steep seas,
nonlinear effects become stronger, such as the
asymmetry of the wave profile and the
nonlinear pressure and particle kinematics.

The wind environment may or may not be
aligned with the wave systems, which produces
another variable in the dynamic stability
assessment matrix. Therefore, in addition to a
reference mean speed, the wind environment
includes a mean direction.

In order to determine the force on the ship
due to wind in high sea states, the wind profile
must be understood at the “local” scale,
meaning that the effect of the nearby wave
shadowing is included. This results in an
apparent gustiness from the effect of being in
the trough versus being on the crest. It is
unclear whether or not capturing these effects
has a significant effect on the final ship-motion
results, but it is has been decided that the
effects should be included until otherwise
deemed unnecessary.

Hydrodynamic
and hydrostatic
pressure

*Wave excitation

*Radiation forces (added mass & damping)
*Hydrostatic pressure

«Circulatory lift and cross-flow drag

Figure 1: lllustration of the physical problem to be simulated
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Ship control

In a traditional ‘“seakeeping” framework, the
ship’s speed and heading is considered known
or prescribed. The solution of the seakeeping
problem is the characterization of the motions
about this nominally constant speed and head-
ing. This framework is adequate and appropri-
ate for determining the non-rare motion statis-
tics, such as the RMS or significant values.

In the characterization of the large ampli-
tude, or rare motion problem, it is necessary to
consider the forces and responses that arise
from large deviations from the constant speed-
heading condition. These may include, but are
not limited to, surf-riding and broaching. To
allow for these, the ship must be self-propelled
and self-steered. As such, the physical prob-
lem is best characterized as the maneuvering-
in-waves problem.

To be self-propelled means that a propulsor
model of some sort provides a thrust to balance
the resistance forces present due to the air and
water. Rather than prescribing a speed, the
thrust and resistance, both of which can be
time-dependent, determine the speed.

Self-steered means that a rudder, azimuth-
ing propulsor, or other steering device is used
to provide a yaw moment that counters a yaw
moment induced by the aerodynamic and
hydrodynamic forces on the hull. The time-
changing balance of these forces and moments
leads to the time-changing heading of the ship.

Forces

The forces acting on the vessel in the defined
ambient environment for the ship under self-
propulsion and self-steering control largely
follow from the typically understood seakeep-
ing and maneuvering problems. The unique
aspects of the dynamic stability problem are the
coupling of the forces and the effect of large
amplitude motion and/or large amplitude
waves.

The fluid forces on the hull consist of
hydrostatic pressure, wave excitation (Froude-
Krylov and diffraction), radiation forces (i.e.,
the added-mass and wave-making damping
effects), resistance forces, and circulatory lift

and cross-flow drag that arise from viscosity.
In a high sea state, these forces can act on a
hull with large changes in wetted geometry.

In the special case that the deck is
submerged, the fluid flow must be treated as a
“green water” problem. The green water
problem describes the time delay in the force
due to the time it takes for the fluid to cover the
deck, as well as the shipping of water as the
deck reemerges.

In addition to the bare hull, the bilge keels
provide a lifting force or a cross-flow drag, as
well as contribute to the added mass. As with
other parts of the hull, the bilge keels can exit
and re-enter the free-surface.

Propeller forces depend on the advance
coefficient, J, which in turn is affected by the
ambient environment (via wave-orbital veloci-
ties) and ship motions. In large waves the pro-
pellers can exit and re-enter the water, which
will affect thrust and consequently speed of the
ship. Furthermore, in the extreme motion and
wave conditions present, large inflow angles of
attack can result that lead to side forces that can
be up to 40% or more of the axial force.

The rudder forces are coupled both with the
propeller thrust and the ambient wave
environment. As with other appendages, the
rudders are subject to exit and re-entry through
the free surface.

Finally, the wind environment imparts
forces and moments on the exposed parts of the
hull. The wind loads are dependent upon the
time-changing, wind-speed profile acting on
the ship.

IMPORTANCE OF NONLINEARITY

There are a number of nonlinearities that mani-
fest themselves in the prediction of motions of
ships in extreme seas and dynamic stability.
These range from: the equations of motion, to
the geometry of the vessel, to the hydrodynam-
ics as exemplified by the nonlinear free-surface
boundary condition applied to the ambient
wave field and the hydrodynamic disturbance
(radiated and diffracted waves), and to
Bernoulli’s equation for pressure. The use of
the fully nonlinear equations of motion is
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endemic among dynamic-stability codes, but
otherwise there are as many differences as
there are choices as to which nonlinearities are
important and need to be included.

Hydrostatics and Froude-Krylov

That nonlinearities are important for large-
amplitude motion predictions has been recog-
nized for many years, and is illustrated by the
extensive use of “blended” methods that com-
bine linear and nonlinear forces to predict
large-amplitude vessel motions (Beck & Reed,
2001). Blended methods typically incorporate
nonlinear hydrostatic-restoring forces and
nonlinear Froude-Krylov exciting forces due to
the incident waves, with linear radiation and
diffraction  forces. Both the nonlinear
hydrostatic-restoring forces and Froude-Krylov
exciting forces account for body nonlinearities,
particularly in the presence of large-amplitude
waves and extreme motion responses.

The nonlinear hydrostatic-restoring forces
arise from integrating the gZ term in
Bernoulli’s equation over the instantaneous
wetted surface of the vessel in the incident
waves, so there is little ambiguity as to what is
to be computed (cf, de Kat & Paulling, 1989).
The issue here is how is the “incident wave”
defined—is it purely linear, or does it include
nonlinear (second-order or higher) terms?
Since the mid 1800’s, it has been known that
steep second-order waves have higher crests
and shallower troughs than linear waves
(Stokes, 1847), which will clearly affect the
instantaneous wetted surface of the vessel and
thus the hydrostatic-restoring force on the
vessel. (More on the ambient wave description
later in this section.)

The Froude-Krylov contribution to the
exciting forces results from integrating the
hydrodynamic terms of Bernoulli’s equation (¢;
+ 1/2V$-V), which result from the incident
waves over the immersed surface of the ship’s
hull. In this case, it is not as clear what terms
should be integrated as it was for the hydro-
static term. Many codes linearize Bernoulli’s
equation to either ¢; or ¢; + U¢p, where U is the
forward speed of the vessel, either instantane-
ously or on the average. This leaves the

possibility of significant variation in results for
the Froude-Krylov component of the force
without even considering the representation of
the incident wave. Telste & Belknap (2008)
present and discuss some examples of this type
of variation. The representation of the wave
which will be presented later adds even more
variation.

Hydrodynamic Forces

To develop an understanding of the hydrody-
namic forces and moments on a vessel
undergoing large-amplitude motions, a numeri-
cal experiment was performed using a variety
of computational tools. These computational
tools ranged from linear, to blended, to fully
nonlinear. The complete experiment is docu-
mented in a massive report (15,240 p.), Telste
& Belknap (2008). Belknap & Telste (2008)
and Reed (2009) contain summaries of the re-
sults.

In the numerical experiment, thousands of
the force and moment calculations were made
and compared for two hulls: oscillating in vari-
ous modes of motion in calm water (Task 1),
fixed in waves (Task 2), and simulating large-
amplitude motions by contouring waves
(Task 3). The results are presented in the form
of time-history plots showing simulated forces
and moments at two speeds, for a variety of
headings and wave/motion amplitudes. It was
not the purpose of the study to evaluate any
one code relative to another, but rather to
evaluate the differences between various com-
plexities of theory; and in general, codes with a
consistent level of theory produced quite
consistent results.

Figure 2 shows a time history of ship-fixed
vertical force from predictions for a hull under-
going forced heave in calm water at Fy = 0.3
and » = 1.1 rad/sec, with heave amplitude/draft
of 0.8. Many of these Task 1 force and mo-
ment predictions demonstrate the importance of
nonlinearity in the radiation forces. An
obvious indicator of nonlinearity is the depar-
ture of the components of force and moment
from a simple sinusoidal form. This is seen in
the predictions by the three nonlinear codes
shown in Figure 2. A surprising finding was
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that the body-exact strip theory is capable of
capturing these important nonlinearities—
comparable to the two fully nonlinear, 3-
dimensional codes. This result provides hope
for the development of fast codes to predict
dynamic-stability failures on the order of real
time.
Task 1/Forced Heave Motion/Model 5613
Amplitude/Draft= 0.80; Omega = 1.1000 rad/sec; Fn=0.3
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Figure 2: Time-history of ship-fixed vertical force from
Task 1 predictions for ONRTH hull undergoing forced
heave at Fy = 0.3 and @ = 1.1rad/sec, with heave
amplitude/draft of 0.8. (Belknap & Telste, 2008)

Figure 3 provides a time-history of ship-
fixed vertical forces [hydrodynamic (i.e., radia-
tion and diffraction); Froude-Krylov; hydro-
static] on a hull which is contouring waves in
following seas at Fy = 0, A/L = 2, and H/A =
1/20. From these Task 3 computations, it was
found that the hydrostatic and Froude-Krylov
forces are an order of magnitude greater than
the hydrodynamic forces. The hydrostatic and
Froude-Krylov forces calculated by all of the
codes are in remarkable agreement—there is no
difference in the hydrostatic force, and the
differences in the Froude-Krylov force predic-
tions are small. The hydrodynamic forces
show significant variation between the codes.
As it was impossible to distinguish between the
radiation and diffraction components of the hy-
drodynamic force, one cannot identify the
sources of the difference. However, the hydro-
static and Froude-Krylov forces are 180° de-
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Figure 3. Time history of ship-fixed vertical force from
Task 3 predictions for Model 5514 hull, while
contouring following seas at Fy =0, A/L = 2, H/4A = 1/20,
a) hydrodynamic force, b) Froude-Krylov force, c)
hydrostatic force. (Belknap & Telste, 2008)
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grees out of phase with each other, so they
largely cancel each other. Thus the difference
between the hydrostatic and Froude-Krylov
forces is the same order of magnitude as the
hydrodynamic force, which means an accurate
calculation of the hydrodynamic force is very
important.

Second-Order Waves

As discussed earlier, nonlinear ambient-wave
models have the potential to significantly influ-
ence predictions of dynamic stability. Two as-
pects of this are important: the shape of the
wave profile; and the pressure within the wave.
Stokes (1847) showed that the second order
waves had steeper crests and shallower troughs
than linear waves. According to linear theory,
the pressure in wave crests (that portion of the
wave above the calm free surface) is not zero at
the free surface, which leads to significant
errors in the predicted forces and moments on
the ship’s hull, particularly when the ship is in
the wave crest in steep waves.

Figure 4 illustrates this for a wave of steep-
ness (H/A) of 1/10. It shows the pressure
contribution from the zeroth- [po/(pg) = —z],
first- [p1/(pg) = 2Ae" cos 0], and second-order
[p2/(pg) = —2vA2e?"] terms in the pressure. As
can be seen, the sum of the zeroth- and first-
order pressure terms (po + p1) differs signifi-
cantly from zero—providing an over prediction
of the actual pressure at the free surface.

One method of dealing with this discrep-
ancy with linear waves is the so called Wheeler
stretching (Wheeler, 1970), where the origin of
the vertical coordinate is essentially shifted to
the wave surface from the calm-water equilib-
rium surface, resulting in zero pressure at the
free surface. The Wheeler-stretching approxi-
mation leads to much more realistic pressure
distributions, and thus forces, than those forces
which result from no stretching.

In the case where one is employing second-
order wave theory to obtain realistic wave pro-
files in extreme seas, the use of second-order
theory for the wave pressures leads to accurate
predictions of the pressure within the wave

profile for regular waves.® The sum of the
zeroth-, first-, and second-order pressure terms
(po + p1 *+ p2) in Figure 4 provides an example
of the second order pressure distribution, which
comes quite close to zero at the free surface,
much closer than the first-order approximation
(Po + Pa).

0

2r P,(Pg)

p,/(pa)

p./(pg) R
(P + P,)PO)

(po * P, +p)pa) |

40|

50 |

22 (m)

-80 |-

-100 |-

-120 |-

-140 |-

1 1 1
-50 Q 50 100 150 200

pl(pg) (m)

Figure 4. Pressure under a wave crest through second
order divided by pg, as a function of the distance below
the crest: H/A = 1/10, &, = 2Acos 0, &, = 2A%v cos (26),
Po/(pg) = ~2, Pu/(pg) = 2A€™ cos 6, pal(pg) = —2vA2e™*
(Courtesy of J. Telste)

A consistent implementation of second
order wave theory for irregular seas leads to
sums containing exponentials of sum- and
difference-frequency terms. The exponential
sum terms can become quite large near the
wave crests, resulting in extremely unrealistic
pressures near the free surface of wave crests.
This is illustrated in Figure 5 for two waves of
differing frequencies such that the ratio of their
wavelengths is 10.

There are several possible approaches that can
be used to resolve the sum-frequency issue for
irregular seas. One suggestion is to use a 2- or
3-term  Taylor series expansion of the
exponential rather than an exact function
evaluation. Stansberg, et al. (2008) propose
the use a low-pass filter applied to the linear
horizontal velocity. The reason for such a filter
is given by Gudmestad (1993), who states that
the exponential term becomes very large near
wave crests if the low-pass filter is not used.

! The second-order pressure equation does not require
second-order wave theory, it can be used with linear
wave theory.



Proceedings of the 11™ International Ship Stability Workshop

20

b
— pyllpg)
— p,l(pa)

| P,/(pg)
s ——— (P, * Pl(pQ)
1

(P + Py + P)(pQ)

1 1
R -150 -100 -50

pl(pg) (m)

Figure 5: Pressure under a wave crest through second
order, (po + p1 *+ p2)/pg, for the sum of two waves versus
the distance below the crest, z — (§; + &), for two
frequencies: A/ A, = 10, H/ A = 1/10, (64, 6,) = (0, 0).
(Courtesy of J. Telste)

Second-Order Forces

As a ship maneuvers in steeper and steeper
waves, there are greater and greater interactions
between seakeeping and maneuvering, to the
point that one cannot predict maneuvering in
steep waves by simply superimposing seakeep-
ing and maneuvering in a linear fashion (cf,
Reed, 2009). One of the reasons for this is the
fact that in steep waves the second-order
hydrodynamic forces and moments (Second-
order drift forces and moments, and added
resistance in waves) begin to play a significant
part in the maneuvering behavior of the ship—
slowing it down and speeding it up as it exe-
cutes a turn in waves (Skejik & Faltinsen,
2008). For this reason, it is important to have a
comprehensive model of the physics that in-
cludes these forces. The Froude-Krylov forces
and moments capture a portion of these forces
and moments, but only the component due to
ambient waves. There is a significant hydro-
dynamic component that must be captured
accurately.

Nonlinear Dynamical System

Finally, it needs to be recognized that a ship
undergoing large-amplitude motions in extreme
seas represents a nonlinear dynamical system.
As a consequence, the vessel response can
change drastically with small increases in
excitation—this is particularly true near and
beyond the peak in the righting-arm curve,

where the restoring moment remains essentially
constant or even decreases as the heel angle
(roll angle) increases. Conceptually this is easy
to understand in calm water, but in a seaway,
there is even more variability due to the ship’s
being posed on a wave—as the wave passes
along the hull the magnitude of the righting
arm will fluctuate relative to the calm-water
righting arm and the angle corresponding to the
peak of the righting arm will vary. Whether
the peak of the righting-arm curve increases or
decreases in magnitude and the angle at which
the peak occurs is a function of the shape of the
hull above and below the calm-water waterline
and the phase of the wave along the hull.
Statistically, this says that there will be signifi-
cant uncertainty as to the response of the ship
under these circumstances. This has significant
implications for the validation of computa-
tional tools and it is important for one to
understand these concepts when validating the
tools.

CODE APPROACH OPTIONS

Having identified the components of the
maneuvering-in-waves physical problem and
understanding the importance of nonlinearity
within the dynamic-stability problem, several
modeling approaches were evaluated for
implementation in TEMPEST. Vassalos, et al.
(1998) provide an overview of the numerical
tools and approaches available for predicting
dynamic stability events. Further evaluation of
options relied on experience with existing ship-
motion computational tools, though physical
considerations played a large role as well. One
reason for this is that existing tools are fallible;
e.g., some of the tools may not have been
adequately verified, meaning that seemingly
poor validation results can not be separated
from potential bugs in the code. A key
argument for developing a tool from scratch is
that it allows for best verification practices
(thorough documentation, unit tests, etc.) to be
built in from the beginning.

Perhaps the first high-level-approach ques-
tion to consider is whether to follow a complete
flow solver (such as RANS or Euler VoF) or a
potential flow-based track. While the option to
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compute a total solution of the fluid flow is at-
tractive because it would include nearly the
entire physical problem in a single computa-
tion, the computational cost is prohibitive
given the number of conditions that need to be
simulated. For that reason, a framework that
follows the traditional seakeeping decomposi-
tion of a radiation and diffraction potential-
flow solution added to a circulatory-lift solu-
tion is the only practical path. The argument
for such an approach is that there is weak
and/or one-way coupling between the hull
radiation and diffraction (or ‘“hydrodynamic
disturbance”) force and the lift and cross-flow
drag on the appendages and the hull itself.
While this assertion requires validation, there is
no apparent alternative that meets computa-
tional speed requirements.

There are two basic paths that can be fol-
lowed within the framework described above.
One approach is to combine a maneuvering
theory with a seakeeping theory, such as the
two-time scale model employed by Skejik &
Faltinsen (2008) that attempts to break the
problem into its low-frequency part (maneuver-
ing) and high-frequency part (seakeeping). The
difficulty with this approach is avoiding any
double-counting of forces. The attractiveness
of this option is that trusted maneuvering mod-
els can be used. The second approach is to at-
tempt to model the circulatory lift problem by
itself, thereby avoiding double-counting issues.
The challenge then is providing a robust model
for this force.

Table 1: Computational efficiency (computational
seconds / simulated seconds)

more 3-dimensional and the more nonlinear a
code, the less computationally efficient it will
be. Table 1 provides a high-level view of the
computational expense within the matrix of
nonlinearity and slenderness assumption
ranges. “Linear” denotes potential flow codes
that are completely linear, whereas “Blended”
includes nonlinear (body-exact) hydrostatic and
Froude-Krylov forces. The term ‘“Nonlinear”
refers to codes with nonlinear hydrodynamic-
disturbance forces as well as nonlinear hydro-
static and Froude-Krylov forces. Slender-body
approximations range from “2D”, which is
strip theory, to “Slender ship”, which includes
some 3D effects, to a fully 3D code. The cells
of the table are colored green if the computa-
tional speed is considered acceptable for
providing a sufficient level of data resolution
for dynamic-stability risk characterization
while red is considered unacceptable.

Table 2 is organized identically to Table 1,
but rather than color-coding according to
computational speed, the cells are color-coded
based on an intuitive assessment of the code’s
ability to capture the relevant physical phenom-
ena. This assessment largely follows the argu-
ments laid out on the importance of nonlinear-
ity to the dynamic stability problem.

Table 2: Capturing physics & nonlinearity

Linear | Blended | Nonlinear

2D

Slender ship

3D

Linear | Blended | Nonlinear

2D 0(10%) | o(10™h €

N N

Slender ship

3D* OO ~OH0 O(10

* Time-domain solution of hydrodynamic disturbance
for Linear and Blended methods

Within the community of potential flow ap-
proaches, a code can be described in simple
terms by how 3-dimensional it is and how
much nonlinearity is captured. In general, the

These tables may provide simplistic views
of the code-approach options for the solution of
the hydrodynamic forces, but they help the the-
ory developer navigate the solution space.

TEMPEST APPROACH

The philosophy driving the development of
TEMPEST’s theory was to include all aspects
of the maneuvering in waves physical problem
as described earlier and model these
components such that they capture the
important nonlinearities. The review of code-
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approach options has given the development
team confidence that a computationally
efficient approach is feasible as long as the
simplifying assumption of ship slenderness is
adopted. This is supported by Table 3, which
provides an estimated composite ranking of the
hydrodynamic-solution approaches within the
criteria of accuracy and speed. As noted ear-
lier, accuracy is weighted more heavily than
speed, because quick but incorrect data is of no
value to the user. The result is that the
TEMPEST approach is based on a fully body-
nonlinear hydrodynamic solution with ad-
vanced models: for the environment; for
circulatory lift and for cross-flow drag on the
hull and appendages; and for other
superimposed forces.

Table 3: Estimated composite ranking of computational
efficiency and ability to capture the relevant physics

Linear | Blended | Nonlinear

2D

Slender ship

3D

Environment

As input to the force models, the modeling of
the environment becomes just as important as
the force models themselves. While the user
generally describes the wave spectrum and
wind speed, it is the environmental models that
interpret these higher level inputs to provide
ambient pressures and velocities at many
places on the hull at every time step.

Waves In TEMPEST, the seaway is modeled
by second-order waves with arbitrary
directionality. = Though the modelling of
second-order waves adds significant computa-
tional cost relative to linear waves, it was deter-
mined that the steep waves that lead to
dynamic-stability events are best captured by a
second-order model. It is believed that the
pressure and particle-velocity profiles obtained
from the second-order model, while requiring
additional validation, are more accurate than

linear waves with Wheeler stretching in the
“surf zone” above z = 0.

To alleviate some of the computational
cost, FFT techniques are used to accelerate the
computations. An additional feature of the
TEMPEST wave model is the availability of an
integral-equation iterative solution in the spe-
cial case of unidirectional seas to find the linear
input spectrum, when given the target second-
order spectrum.

Long-term solutions may include a higher-
order wave model that solves for the evolving
wave field. This may significantly increase
computational time, but may be necessary if
the pressures and velocities are found not to be
accurate enough in the steepest waves using
lower-order wave models.

Wind The TEMPEST ambient wind environ-
ment model defines the vertical wind speed
profile above the free surface at any point in
space and time. The notable attribute of the
TEMPEST wind model is that it attempts to
account for the effects of shadowing near large
steep waves. This model is currently in
development using environmental data ob-
tained from a North Sea oil rig.

Hydrodynamic Forces

The hydrodynamic forces acting on the ship are
composed of:

e Hydrostatic & Froude-Krylov

e Hydrodynamic disturbance (radiation &
diffraction)
Green water on deck
Resistance
Bilge-keel
Hull circulatory lift and cross-flow drag
Propeller
Rudder

e Wind
In all the force components, the effect of
geometric  nonlinearity is included by
accounting for the position of the hull and
appendages relative to the incident waves.

Froude-Krylov and Hydrostatic Forces The
Froude-Krylov and hydrostatic forces are ob-
tained by integrating the ambient-wave dy-
namic and static pressures, respectively, over
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the instantaneously wetted hull. The wetted
hull is determined by the position of the ship
and the undisturbed incident wave. To best
capture the longitudinal force, the pressures are
evaluated on 3D panels. An illustration of the
body-exact Froude-Krylov plus hydrostatic
pressure on a 3D mesh is given in Figure 6.

Hydrodynamic-Disturbance Forces The force
that captures the traditional seakeeping radia-
tion and diffraction forces is the
hydrodynamic-disturbance force. TEMPEST
obtains this disturbance force by solving the
time-domain potential-flow boundary-value
problem on the time-changing wetted surface
of the hull. The conclusion of the theory
development team was that applying a slender-
ship approximation would still capture the
dominant physics while allowing the computa-
tions to occur at or near “real-time” speed. The
theory behind this approach is given in a report
to be published by Sclavounos, et al. (2010).

Figure 6:
meshed hull

Sample ambient-wave pressure on a 3D

The body-exact hydrodynamic disturbance
solution in TEMPEST is being implemented in
a two-phase process. In Phase 1, a strictly 2D
approach is taken via a body-exact strip theory.
Phase 2 implements a slender-ship theory, built
upon body-exact strip theory that incorporates
3D effects.

The body-exact strip theory in Phase 1 fol-
lows the theoretical and numerical approach
presented by Bandyk (2009). In this approach,
impulsive and wave-memory problems are
solved on 2D strips at each time step, an exam-
ple of which is shown in Figure 7. The bound-
ary value problem is numerically solved by a
2D Rankine panel method where the body sec-
tion has sources distributed on 2D panels and
the free surface uses desingularized panels. An

example of this is shown in Figure 8. Memory
effects are automatically captured in the solu-
tion of the free-surface panels’ source
strengths.

In the Phase 2 hydrodynamic-disturbance
potential solution, 3D effects are added through
the use of a 3D time-domain Green function
that operates on the impulsive source strengths
determined on 2D sections. While this ap-
proach is presumably more computationally
intensive than the body-exact strip theory, it
may include 3D effects that are significant to
the dynamic-stability problem. In this ap-
proach, as opposed to the body-exact strip the-
ory in Phase 1, the wave-memory effects are
obtained through evaluations of convolution
integrals within the Green function. To address
the computational burden, efficiency may be
gained by simplifying the convolution integral
functions and/or determining equivalent impul-
sive source-dipole line distributions within the
interior of the wetted hull.

o \"‘ i \ ey
a)
b)
Figure 7: [lllustration of the body-exact strip theory

problem for a) the entire ship, and b) a single 2D section.

+ sources
+ nodes

Numerical solution of the time-domain

Figure 8:
boundary value problem for an example section (from
Bandyk (2009)).

In both implementations of the body-exact
hydrodynamic-disturbance problem, the force
can be calculated from the velocity potentials
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through pressure integration or a momentum
formulation. Calculating pressure for the 2D
problem involves the difficult task of determin-
ing x-derivatives. Bandyk (2009) describes the
use of radial-basis functions to overcome this
difficulty. The momentum formulation (see
Sclavounos, et al. 2010) simplifies the force
evaluation by requiring only a time-derivative
on the integrated potentials.

Finally, hydrodynamic-drift forces that
arise from the disturbed free-surface elevation
are included. This is done in a simplified man-
ner by evaluating a waterline integral that pro-
vides a hydrostatic correction due to the
disturbance-wave elevation around the hull.

Green Water on Deck To account for the phys-
ics of deck submergence and re-emergence, a
semi-empirical green-water model is included.
This model has been implemented and success-
fully tested in LAMP (Liut, et al. 2002). This
model uses empirical relationships to get water
height on deck given the deck-edge exceedence
following Zhou, et al. (1999). A notable attrib-
ute of this model is that it does not capture the
lag in elevation across the deck due to the flow
of water on and off the deck. However, until it
can be shown that the lag effect is important to
the dynamic-stability problem, computational
efficiency requirements dictate the use of the
semi-empirical model.

Ship Resistance The TEMPEST resistance
model uses a user-supplied resistance curve
with the wave drag removed via a series of
speed-calibration runs. The calibration runs
remove any double-counting with the hydrody-
namic disturbance force. To account for body
nonlinearity, the resistance curve is modified to
account for the instantaneous wetted surface.
The quasi-steady resistance is then obtained
based on the instantaneous velocity through the
water which includes the influence of wave
orbital velocities.

Bilge-Keel Forces Lowe-aspect-ratio lifting-
surface theory is the foundation of the
TEMPEST bilge-keel force model (cf, Greeley
& Peterson, 2010). The work of Bollay (1936)
inspired the model by showing that the trailing
vortex sheet comes off the edge of the surface

at an angle equal to half the angle of attack. By
prescribing this trajectory of a trailing vortex
sheet, a vortex-lattice method can be used to
solve for the circulation strength and determine
the (quasi) steady and unsteady forces due to
lift. This method breaks down at angles of
attack greater than about 50 (generally low-
ship-speed conditions) where there is no true
lift, so a Morison equation-based model is
used. An “instantaneous” Keulegan-Carpenter
(KC) number is estimated through the use of a
short-time spectral analysis of normal velocity
using a discrete Fourier transform. In large
amplitude roll cases, the effect of the bilge
keels piercing the free surface is captured by
means of a piece-wise damping model that
accounts for various pieces of the hull entering
and leaving the water (Bassler, et al., 2010).

Hull Lift and Cross-Flow Drag Similar to the
hydrodynamic disturbance force, the hull lift
and cross-flow drag force model is being
implemented in a two-phase manner. The ini-
tial model uses low-aspect-ratio lifting-surface
theory to estimate time-changing (due to waves
and motion) side force and yaw moment coeffi-
cients. These coefficients are calibrated based
upon user-supplied coefficients. This lift force
is phased out over increasing drift angle, B,
through a cos? B multiplier that approximates
stall. A cross-flow drag force is also calculated
at each section for the time-changing geometry.
This force follows a sin? B behavior due to the
fact that the only influence is the square of the
cross-flow velocity. The cross-flow drag coef-
ficients can be user-supplied or estimated based
on shape coefficients. Reynolds number de-
pendence of cross-flow drag coefficients is in-
cluded.

The second phase of the hull lift and cross-
flow drag force model implementation will ap-
ply the vortex-lattice techniques developed for
the bilge-keel force model.

Propeller Forces The propeller forces are in-
cluded as external forces to the hull. The key
attribute of the TEMPEST propeller-force
model is that it includes not just the axial force
but also side forces when the inflow velocity
provides an angle of attack to the propeller.
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The inflow velocity includes the effects of
body velocity (including rotations), wave
orbital velocities, and an estimate of the
viscous wake due to the presence of the hull.

The forces developed by the propellers due
to the time-varying inflow are determined by a
blade-element model.  The blade-element
model will properly account for partial or full
emergence of the propeller. Pending more
study, scale effects may be included to account
for lost of thrust due to cavitation

Rudder Forces The TEMPEST rudder-force
model provides the forces due to lift and drag
only. The contribution to the radiation and dif-
fraction problem is not considered. To account
for body-nonlinearity, the rudder force is scaled
by the immersed area of the rudder.

Wind Forces Wind forces are determined on
the hull following a horizontal strip-theory ap-
proach similar to that given by Gould (1982).
The benefit to a strip-theory approach is that it
allows the use of an arbitrary wind-speed pro-
file while still taking advantage of calibrated
wind-drag and moment coefficients. Given the
need to include non-traditional wind profiles
due to the local presence of large, steep waves,
such an approach is necessary.

CONCLUSIONS

TEMPEST is a new dynamic-stability simula-
tion tool currently in development by the US
Navy. The requirements of the tool are accu-
racy and computational speed.

After careful study of the physical problem,
a comprehensive set of environment and force
models has been described that is expected to
provide a viable solution to the dynamic-
stability prediction problem that advances the
state-of-the-art. The fundamental argument be-
hind the TEMPEST approach is the require-
ment for body-nonlinearity in all force models,
including the hydrodynamic-disturbance force
(radiation and diffraction).

The TEMPEST development will be fol-
lowed by extensive validation at the component
level and as a system.
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