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SUMMARY

Navies from Canada, France, Germany, Italy, and the United Kingdom collaborated to develop and validate a distributed
simulation of ship replenishment at sea. The simulation models the seaway, ship motions including hydrodynamic
interaction effects between ships, and the transfer of a solid payload between ships using replenishment gear. The
simulation was developed using the High Level Architecture (HLA), which facilitates sharing of data and
synchronization of simulation time among software components on networked computers. Simulation results were
validated using experimental data. The project demonstrated successful application of distributed simulation to complex
naval platform systems. Lessons learned are shared for several areas, including seaway modelling, ship hydrodynamic

interaction, and planning of model tests and sea trials for simulation validation.

NOMENCLATURE

[A] Added mass matrix

a Wave amplitude (m)

B Ship breadth (m)

B,, Ship beam at waterline (m)
[p] Damping matrix

[C] Hydrostatic stiffness matrix
Cp Ship block coefficient

[c] Hydrodynamic stiffness matrix

{F} Force vector

H Significant wave height (m)

HLA  High Level Architecture

[K] Retardation function matrix

ky Wavenumber (/m)

L, Ship length between perpendiculars (m)
L, Ship length at waterline (m)

[M] Mass matrix

Ny Number of incident wave components

RAO  Response amplitude operator
RAS  Replenishment at sea

RTI Run-time infrastructure

S Spectral density (m*/(rad/s) or m*/(rad*/s))
Tnia Ship draft at midships (m)

T, Peak wave period (s)

U Ship forward speed (m/s)

x,y/  Earth-fixed horizontal coordinates (m)
A(...) Increment of quantity in brackets

€ Incident wave phase (rad)

d Incident wave elevation (m)

{n} Displacement vector (m and rad)
v Wave heading, from (deg)

T Delay time (s)

; Wave frequency (rad/s)

1. INTRODUCTION

A ship is a complex system of systems continuously
interacting with an even more complex environment.
Developing an experimental prototype is usually

prohibitively expensive for a ship; thus, physics-based
modelling and simulation are used extensively in the ship
design process. Physics-based tools and methodologies
for different design aspects are typically used by domain
experts working largely in isolation. Ongoing efforts are
enabling comprehensive simulation of complex ship
systems. This paper describes a comprehensive
simulation of ship replenishment at sea (RAS) developed
under the International Replenishment At Sea (IRAS)
project, which included navies from Canada, France,
Germany, Italy, and the United Kingdom.

2. ASSESSMENT OF NAVAL OPERATIONS
THROUGH SIMULATION

The purpose of a simulation is to reproduce the
behaviour of a physical system. Simulation models are
becoming more complex as they strive to model reality
with high fidelity. To reliably simulate naval operations,
many physical entities and interactions need to be
modelled. Distributed simulation (Fujimoto, 2000) is
often used for modelling complex systems. A typical
distributed simulation involves multiple executable
programs running on multiple computers, with data
sharing and time synchronization occurring among
executable programs via a network.

The benefits of distributed simulations are well known.
Division of a problem into modules produces entities that
are of manageable scope for software development and
testing. Developed modules can often be reused in a
number of different types of simulations. Distributed
simulation also enables hiding of data that partners may
not want to share, possibly for reasons of national
security or commercial advantage.

The High Level Architecture (Kuhl et al., 1999) is a
highly capable and widely used infrastructure for
development and execution of distributed simulations. It
was selected as the basis for the Virtual Ship framework
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for naval platform simulations. The Virtual Ship
framework is intended to facilitate development of
distributed simulations modelling multiple entities,
including modelling of force interactions. Henry et al.
(2008) and Henry et al. (2015) provide details regarding
the Virtual Ship framework.

3. SIMULATION DESIGN AND
DEVELOPMENT OF PROTOTYPE

The simulation was designed to model motions of supply

and receiving ships and the transfer of a solid payload

between the ships. The simulation models the following

entities:

e  Ocean environment, with emphasis on the seaway;

e Motions of the lead ship in waves;

e Helm control system for propeller(s) and rudder(s)
of the lead ship;

e  Motions of the following ship in waves;

e Helm control system for propeller(s) and rudder(s)
of the following ship;

e Hydrodynamic interaction between the lead and
following ships;

e Replenishment gear including solid payload.

The lead ship is typically the bigger of the two ships, and
can be either the supply ship or receiving ship. For
example, a supply ship is normally the lead ship when
supplying a smaller frigate. The simulated motions of the
lead ship and following ship can include hydrodynamic
interactions between the vessels, which can be important
due to close proximity during replenishment at sea.
Model tests and numerical predictions by McTaggart et
al. (2003) indicated that hydrodynamic interactions in
head seas can induce roll large motions on the smaller
vessel, which was also demonstrated in recent model
tests by Mathew et al. (2018).

Based on the requirement to model the above entities, the
simulation design of Figure 1 was formulated. Each of
the entities in Figure 1 is an executable program, with
RTI denoting the run-time infrastructure, and the
remaining simulation entities being referred to as
federates. The composite simulation of federates is
referred to as a federation. The federation has been
designed in a modular manner such that individual
federates can likely be reused in other future simulations.
Hydrodynamic interactions are evaluated by a separate
“Interactions” federate in Figure 1 that determines
incremental forces arising on the ships due to
hydrodynamic interaction effects. The execution
manager assists with startup, data sharing, and time
synchronization of the other federates. The data logger
and visualizer passively monitor results from the other
federates that generate data.
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Manager
Figure 1: Replenishment at sea simulation federates and
run-time infrastructure

Visualization

An initial prototype federation was developed to test and
refine the simulation design. The prototype federation
included a fully functioning execution manager. Other
prototype federates performed data sharing and time
synchronization as planned, but produced data were
merely nominal values. A common federate template
assisted in the development of federates.

4. SIMULATION IMPLEMENTATION AND
INTEGRATION

Fully functioning federates were implemented after
successful completion of the prototype federation. This
section describes the federates that were developed
during the implementation phase and their integration.

4.1 ENVIRONMENT FEDERATE

Within the IRAS simulation, the primary purpose of the
environment federate is to model the seaway. Realistic
random seaways are modelled using superposition of
sinusoidal wave components as follows:

Np

Gl yft) = Z a; cos[k;_;(y' sinv; — x” cosv;)
i=1

— ot — €] €y

where (; is wave elevation, x/ and y/ are earth-fixed
coordinates in the horizontal plane, N; is the number of
incident wave components, a; is wave component
amplitude, k;_; is incident wavenumber, v; is heading
(from), and is ef_i wave phase. A random seaway is

typically represented by using randomly generated wave

phases ef_i. For modelling of a unidirectonal seaway

(long-crested waves) with given energy density spectrum
Sw, (w;—;), wave amplitude components are given by:

@ = stw,(w,-i)A(w,-i) @
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where A(w;_;) is the wave frequency range for
component i. For modelling of a short-crested seaway
with given directional energy density spectrum
Sw,v(@p,v), wave amplitude components are given by:

o = stw,,v(w,_i, V) Awy_) AW, 3)

where A(v;) is the heading range for component i.

A regular seaway, such as might be used during model
tests for validation, can be easily modelled using a single
wave component.

There was much deliberation regarding the amount of
data that should be transferred between federates over the
network. For example, visualization of the seaway using
wave elevations computed by the environment federate
would require large amounts of data to be transferred
from the environment federate to the visualizer federate
at each time step. Alternatively, seaway component
parameters (amplitude, wave frequency, wave number,
direction, and phase) could be transferred to the
visualizer federate at the beginning of each simulation,
with the visualizer federate computing wave elevations
on its own computer as required. This latter approach
with minimal transfer of data across the network was
adopted, and was found to work very well.

4.2 SHIP MOTION FEDERATES

Implementations of ship motion federates were
developed by Canada, Italy, and the United Kingdom.
All three implementations use potential flow boundary
element methods for evaluation of hydrodynamic forces
on the ship hull. Viscous forces and appendage lift forces
are evaluated using coefficient-based methods. The ship
motion federates evaluate hydrodynamic forces
associated with a single ship in water. Additional forces
from hydrodynamic interaction effects and replenishment
gear are obtained from the hydrodynamic interaction and
RAS equipment federates.

The Canadian federate evaluates accelerations 7j(t) of a
ship along its nominal heading at each time step using
the following equation adapted from McTaggart (2015):

([M] + [A(U, @)D ()} + [BW)]{H )} +

Jim R U016 - DY de+ ([CT+ [c@D I} =
{FI(t) + FP ()} + {FTSH ()} + {FP™P (D)} +
{Frudder(t)}+ {Finteraction(t)}+ {FRAS(t)} (4)

where [M] is ship mass, [A(U, ©)] is added mass at speed
U for oscillations at infinite frequency, [b(U)] is damping,
[K (U, 7)] is retardation for delay time 7, [C] is hydrostatic
stiffness, [c(U)] is speed-dependent hydrodynamic
stiffness, {F'} is incident wave excitation, {FP} is
diffracted wave excitation, {F"®t} is resistance due to
steady ship speed, {FP"°P} is propulsion force, {F"“dde"}

is rudder force, {Finteraction] ig incremental interaction
force due to another vessel in close proximity, and {FR45}
is replenishment gear force. Note that all hydrodynamic
force terms other than {Fteraction} are based on the ship
being alone. The term t,,,, is the maximum delay time for
evaluating retardation functions in [K (U, 7)], with a value
of approximately 20 s being sufficient for most ship
motion computations. The federate from the United
Kingdom uses a similar approach for evaluation of forces
and resulting motions. The Italian federate (Tozzi et al.,
2014) uses a modified approach that superimposes
oscillatory wave-induced motions from response
amplitude operators (RAOs) over motions based on
maneuvering predictions in calm water.

Implementations of ship motion federates from Canada
and the United Kingdom compute radiation and
diffraction force terms in the frequency domain, which
are then used to evaluate corresponding terms in the time
domain. The Canadian federate uses the zero speed
Green function in the frequency domain for evaluation of
radiation and diffraction forces, as describe by
McTaggart (2015). This approach assumes zero ship
speed when modelling the free surface boundary
condition, and gives good results for a single ship with
forward speed Froude numbers up to 0.4. The federate
from the United Kingdom uses a Rankine panel method,
with panels on both the ship hull and free surface. This
approach can model the influence of ship speed on the
free surface boundary condition.

A time step of 0.1 s is sufficiently small for giving
reliable ship motion simulations in most cases relevant to
replenishment at sea. The three ship motion
implementations typically give computational
performance significantly faster than real time.

43 HELM FEDERATES

The helm federates obtain ship positional data (location,
velocities, and accelerations) from the ship motion
federates and provide input command values for
propeller RPM and rudder deflection back to the ship
motion federates. For the lead ship, the helm provides a
constant propeller RPM value and rudder deflection
commands to maintain constant heading. For the
following ship, the helm continuously adjusts command
propeller and rudder deflection values such that the
following ship will attempt to maintain constant
longitudinal and lateral positional values relative to the
lead ship.

44 HYDRODYNAMIC INTERACTION
FEDERATE

The hydrodynamic interaction federate obtains positional
data from the ship motion federates, computes
incremental  forces arising from hydrodynamic
interaction effects, and shares the interaction forces with
the ship motion federates via the network. Canada and
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the United Kingdom both implemented hydrodynamic
interaction federates through extension of their radiation
and diffraction methods to the two ship case. McTaggart
(2017) describes the Canadian implementation for
computing hydrodynamic interaction forces.

The evaluation of hydrodynamic interaction forces for the
simulation requires that ship positional data be extrapolated
one time step due to the forces being dependent on results
from three different federates. For example, added mass
interaction forces computed by the hydrodynamic
interaction federate for time ¢ are dependent on
accelerations of both ships at time t. Such positional
extrapolation is commonly performed in distributed
simulations and is referred to as dead reckoning (Fujimoto,
2000). The following approximations yield reliable results
for evaluation of hydrodynamic interactions with adequately
small time steps:

1
n(t + 40} = (O} + At (17O} +5 (At i)} (5)

(e + A0} = ()} + At (D)} (6)
it + AD)} =~ {7 ()} (7

where At is time step size.

4.5 REPLENISHMENT GEAR FEDERATE

The replenishment gear federate simulates transfer of a
solid payload from the supply ship to the receiving ship.
The replenishment gear federate obtains ship positional
data from the lead ship and following ship federates. In
addition to evaluating the position of the solid payload,
the replenishment gear federate evaluates the loads acting
on each ship and shares these loads over the network
with the ship motion federates. Dead reckoning is
required when modelling physical interactions between
the ship motion and replenishment gear federates.

Both Canada and the United Kingdom developed
replenishment gear federates. The Canadian federate
models a system that uses a hydraulic ram to regulate
tension in the high line, with McTaggart and Langlois
(2009) describing the simulation model illustrated in
Figure 2. The federate from the United Kingdom models
a system that uses electrical control of motors to regulate
the tension in the high line.

l_ OQut-haul

'/ High Line

Payload

Receiving
Ship

Figure 2: Schematic of hydraulic replenishment gear

4.6 VISUALIZER FEDERATE

The visualizer federate provides a three-dimensional
visualisation of the executing federation. By default, it
attempts to render the visuals at real-time rates.
Optionally, it may allow the user to speed up or slow
down the rendering, or pause the rendering (and also the
federation execution). The visualization federate is based
on OpenGL (Shreiner et al., 2013). Although emphasis
has been placed on visualization for engineering
assessment, incorporation of ongoing improvements to
OpenGL is providing strong visual realism with only
moderate programming effort. Figure 3 shows
visualization of a supply ship transferring a solid payload
to a destroyer.

Figure 3: Visualization of replenishment simulation with
transfer of solid payload from supply ship to destroyer

4.7 INTEGRATION OF SIMULATION
FEDERATES

Integration of the implemented federates was a critical

phase of the simulation development. An integration plan

was developed to ensure proper management of the

whole federation. The integration was approached in a

phased manner, progressing as follows:

e Verification of successful execution of each
federate;

e  Verification of compliance of each federate with the
specified data formats;

e Verification of data communication and
synchronization among federates;

e  Verification of execution of entire federation.

The majority of the integration was performed by
personnel who were not involved with the development
of the individual federates. This approach was very
successful in identifying deficiencies in submitted
federates and their documentation, and also for providing
objective feedback regarding improvements to federates.
Constructive ~ communications  between  federate
developers and integrators yielded improvements to
federates and the overall simulation design.
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S. VERIFICATION AND VALIDATION

After initial integration of simulation federates, verification
was performed to ensure that federates were correctly
implemented. Validation was then performed using data
from model tests and a full-scale sea trial. Simulation
federates were modified during both verification and
validation, thus resulting in iterative improvements to
simulation fidelity.

5.1 VERIFICATION

Most simulation federates are based on software that was
originally developed for stand-alone simulations (i.e. were
not part of a distributed simulation) and had been
extensively verified. Consequently, the majority of
verification effort was devoted to ensuring that federates had
been implemented correctly and produced results that were
consistent with previously developed stand-alone software.

As mentioned previously, several of the federates
incorporated ocean wave models that obtained wave
component data from the environment federate at the
beginning of the simulation. This approach required that
federates be verified to ensure consistent modelling of
ocean waves among the federates. The required
verification effort was modest, and ensured successful
execution of this approach for greatly reducing the
amount of data that needed to be transferred across the
network during simulation execution.

5.2 MODEL TESTS CONDUCTED IN CANADA
FOR A SEMI-RESTRAINED SUPPLY SHIP
AND SEMI-RESTRAINED FRIGATE

Early validation efforts focussed on motions of ships in
waves including hydrodynamic interaction effects. New
software was developed by both Canada (McTaggart et al.
2017) and the United Kingdom (Henry et al. 2015) for
predicting ship forces and motions in the time domain prior
to integration of this software into federates. Existing model
test data from McTaggart et al. (2003) were used to validate
this software. Table 1 gives principal dimensions for the
ship (full-scale values are provided in this article), and
Figure 4 shows the smaller frigate alongside the larger
supply ship. The modelled conditions included the ships
travelling in head seas at 12 knots, with a lateral gap
distance of 30 m between the vessels. The frigate was
aligned longitudinally with the supply ship for some tests,
and was 45 m ahead of the supply ship for other tests.
Regular seas with steepness of 1/40 were modelled.

Table 1: Supply ship and tanker dimensions (full-scale)
for model tests conducted in Canada

Supply Frigate
ship
Length, Ly, 180.0 m 122.0 m
Beam, B,,; 31.096 m 14.805 m
Draft, Tpniq 8.500 m 4.500 m
Block coefficient, Cg 0.578 0.489

Figure 4: Semi-restrained models of a supply ship and
frigate for tests conducted in Canada

Figure 5 shows roll motions of the frigate in head seas at
12 knots when there is a 30 m lateral gap between the
vessels and midships of the frigate is 45 m ahead of
midships of the supply ship. Two interesting physical
phenomena are evident when considering motions of two
ships in close proximity. McTaggart (2017) notes that
wave reflections between vessels cause radiated waves to
decay much more slowly for the two ship case than for
the single ship case. Furthermore, von Graefe et al.
(2013) note that the influence of forward speed on the
free surface boundary condition is more important for the
two ship case than for the single ship case, likely
contributing to differences between model test results
and predictions in Figure 5.
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Figure 5: Roll motions for frigate 45 m ahead of supply
ship in head seas at 12 knots

53 MODEL TESTS CONDUCTED IN ITALY
FOR SEMI-RESTRAINED LANDING
PLATFORM DOCK SHIP AND SEMI-
RESTRAINED TANKER

Model tests were conducted in Italy for a semi-restrained
landing platform dock (LPD) ship and a semi-restrained
tanker, with main dimensions given in Table 2 and the
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models shown in Figure 6. The modelled conditions
represented the ships travelling at 10 knots with lateral
gaps between the ships of 22 m, 39 m, and 55 m. Random
head seas were modelled using Bretschneider spectra for
Sea States 3 and 4, with associated significant wave
heights of 0.88 m and 1.88 m, and peak wave periods of
7.5 s and 8.8 s. Both ships were free in heave, roll, and
pitch, but were restrained in surge, sway, and yaw.

3.25 m, and 5.0 m, and peak wave periods of 8.8 s, 9.7 s,
and 12.4 s. The model tests in random waves included
two relative longitudinal locations and five relative
lateral locations. Some of the model tests included a
weight and pulley system to model the replenishment
gear tension between the ships.

Table 3: Tanker and destroyer dimensions (full-scale) for
model tests conducted in France

Table 2: Landing platform dock ship and tanker Tanker Destroyer
dimensions (full-scale) for model tests conducted in Italy Length, L 188.7 m 131.54 m
LPD ship Tanker (L) (Lyp)
Length, L, 170.0 m 138.0 m Beam, B, 2819 m 17.66 m
Breadth, B 30.0 m 21.0m Draft, Tpyig 7.967 m 5.7 m
Draft, T4 6.525m 7.325m Block coefficient, Cg 0.681 0.506
Block coefficient, Cy 0.576 0.632

Figure 6: Semi-restrained models of an LPD ship and
tanker for tests conducted in Italy

The replenishment at sea simulation was run using several
different configurations, using ship motion federates from
Canada, Italy, and the United Kingdom. Validation of the
motions in waves for the model test conditions ultimately
proved to be difficult due to the small magnitudes of the
observed motions and also due to tank wall interference
effects (Goodrich, 1969), affecting the observed ship
motions in the lower frequency range. These tank wall
interference effects could be modelled numerically in
future validation efforts.

54 MODEL TESTS CONDUCTED IN FRANCE
FOR SEMI-RESTRAINED TANKER AND
FREELY MANEUVERING DESTROYER

Model tests were conducted in France for a tanker and
destroyer with dimensions given in Table 3. McTaggart
et al. (2018) provide a full description of the model tests
and validation, with an overview presented here. The
tanker model was restrained in sway, roll, and yaw, and
was towed using a soft spring attached to a towing
carriage. The destroyer model, which was based on the
DTMB 5415 model widely used in the open literature,
was freely maneuvering. Controllers for the propellers
and rudders ensured that the destroyer model maintained
its position relative to the tanker. Random head seas were
modelled using Bretschneider spectra for Sea States 4, 5,
and 6, with associated significant wave heights of 1.88m,

Figure 7 gives mean and RMS roll motions of the
destroyer in Sea State 5 as functions of destroyer
longitudinal position. The nominal relative separation
between the ship centrelines is 58.9 m. The mean roll
motions of the destroyer show excellent agreement
between model tests and simulations, including
prediction of the roll induced when the replenishment
gear is present. The RMS roll motions of the destroyer
show excellent agreement between model tests and
simulations, with the exception of when the destroyer is
in the foremost location relative to the tanker. It is
postulated that the variation of agreement with
longitudinal position could be due to the hydrodynamic
force predictions not including the influence of forward
speed on the free surface boundary condition. In reality,
the influence of forward speed causes radiated waves to
be swept downstream relative to each ship.

5.5 MODEL TESTS CONDUCTED IN THE
UNITED KINGDOM FOR AN AIRCRAFT
CARRIER AND TANKER

Henry et al. (2015) present comparisons from the United
Kingdom of hydrodynamic force predictions with model
tests for an aircraft carrier and tanker in close proximity.
In contrast to the Canadian and Italian hydrodynamic
force prediction methods, the method from the United
Kingdom includes modelling of flow separation when
evaluating steady hydrodynamic forces in calm water.
This approach gives excellent predictions of steady
lateral forces induced by hydrodynamic interaction
during replenishment at sea.

5.6 SEA TRIALS CONDUCTED BY GERMANY
FOR A SUPPLY SHIP AND FRIGATE

Germany conducted sea trials in the North Sea for a
supply ship and frigate performing replenishment at sea
operations. Detailed measurements were taken for
motions of each ship. A dedicated load sensor was
installed during the sea trials for monitoring of tension
on the replenishment gear. Wave conditions at the trial
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locations were estimated using existing fixed wave
buoys operated by the Federal Maritime and
Hydrographic Agency of Germany, and also using
numerical wave hindcast models based on recorded
meteorological data. These approaches provided
estimates of significant wave height, peak wave period,
and mean directions for sea and swell. It was
determined during the validation process that
uncertainty regarding directional wave spreading posed
a major challenge for rigorous validation of the
numerical ship motion predictions. Further uncertainties
regarding roll inertia and metacentric height for both
ships also contributed to challenges with validation.
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Figure 7: Destroyer mean and RMS roll when operating
near tanker at 15 knots in Sea State 5

6. DISCUSSION

The work described above provides insight into a variety
of areas. This section gives an overview of final results
from the collaborative project.

6.1 DEVELOPMENT OF VIRTUAL SHIPS
SIMULATIONS USING THE HIGH LEVEL
ARCHITECTURE

The decision to use the High Level Architecture (HLA)
was based in part on a high level of enthusiasm for it
among the international defence simulation community
commencing in the late 1990s. HLA is one of several
architectures available for distributed simulation. During
development of virtual ships simulations, it became
evident that HLA is very capable but also very complex.
Simulation architects and software developers require
significant training and experience to become proficient.
Much virtual ships software is written in C++, which
itself is a challenging programming language.
Furthermore, software developers must be proficient in
mixed language approaches because many of the
underlying virtual ships models are written in other
languages, such as C#.

Virtual ships simulations typically use only a small
subset of HLA capabilities; thus, architects and
developers can narrow their focus to these core
components. Training and software development were
aided by the availability of the open source CERTI run-
time infrastructure (RTI) (Noulard et al., 2009). The
availability of an open source RTI removed barriers to
training and software development that can arise with
commercial software.

6.2 SEAWAY MODELLING

Modelling of seaways using one or multiple sinusoidal
wave components was considered appropriate for
simulation of replenishment at sea, which occurs in
moderate wave conditions. For simulation of operations
in severe wave conditions, more complex seaway models
could be considered. The relative simplicity of the
seaway modelling facilitated development of local
implementations for each federate as required,
eliminating the need to transfer large amounts of flow
condition data across the network. For example, the
visualizer computed wave elevations for rendering using
computations on its own local computer.

Although the implementation of local seaway models
within federates contributed to simulation efficiency, this
approach implies that care must be taken if federates are
to be re-used in the future. Any changes to the seaway
model will need to be implemented in all federates with a
local seaway model.
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6.3 SHIP HYDRODYNAMIC MODELLING

Potential flow modelling of flow around ships enabled
fast and robust evaluation of forces acting on ships and
resulting motions. In comparison to simulation of
motions for a single ship, the influence of ship speed on
the free surface boundary condition is more important
when two or more ships are in close proximity (von
Graefe et al, 2013). Future validation work could
provide greater understanding of the impact of this
phenomenon on simulation of replenishment at sea.

Work by the United Kingdom (Henry et al., 2015)
indicates that models based on potential flow with the
addition of flow separation effects can give very good
results for maneuvering forces during replenishment at
sea, including interaction effects. This result is very
encouraging given that the alternatives of model
experiments and Reynolds-averaged Navier-Stokes
computational fluid dynamics require much greater effort.

6.4 REPLENISHMENT GEAR MODELLING

The replenishment gear federates developed by Canada
and the United Kingdom have not been subjected to
extensive validation. Ideally, these models would be
thoroughly validated using replenishment gear with land-
based testing systems and full-scale sea trials. For
simulations focussing on ship motions during
replenishment at sea, the existing replenishment gear
models are considered adequate because they can model
the relatively constant tension forces that are applied to
ships during routine replenishment operations.

6.5 VERIFICATION

Many software components in the distributed simulation
had been previously verified and validated as stand-alone
modules outside of the distributed simulation; thus, much
of the verification of distributed simulation could focus
on ensuring that software components had been correctly
implemented within the distributed simulation. For
example, ship motion simulations within the distributed
simulation should give results that are equal to stand-
alone simulation results for applicable cases.

For virtual ships simulations, it was found that special
attention should be given to ensure correct implementation
of coordinate systems. Software components integrated into
federates often use coordinate systems for internal
computation that differ from virtual ships simulations; thus,
verification should ensure that coordinate system transfers
are being performed correctly.

6.6 VALIDATION WITH MODEL TESTS

Validation with model tests in wave tanks and basins can
be invaluable due to precise control over experimental
conditions and also due to relative ease of measuring
data. Model tests in regular waves can be very useful due

to experimental conditions that are well known and
understood. In comparison to model tests for a single
ship, it is recommended that model tests for two ships in
waves use a finer wave frequency increment due to the
greater sensitivity of ship motions to wave frequency
when two ships are present.

Care must be taken to minimize wall interference
effects during model tests. The presence of two models
during towing tank experiments leads to greater
interference from tank walls relative to single ship cases
due to the greater total width required by two separated
ship models. If experimental data are found to be
affected by tank wall interference, consideration can be
given to numerical modelling of tank wall effects
during validation.

6.7 VALIDATION WITH FULL SCALE TRIALS

Sea trials of replenishment at sea highlighted the
requirement for directional wave spectral data for
validation of the simulation. Challenges with full scale
validation are further compounded by the transient nature
of replenishment at sea operations. Ideally, acquisition of
validation data would include multiple repetitions (e.g.,
10 or more) of payload transfers for each combination of
seaway spectrum, ship speed, and ship heading. These
multiple repetitions would facilitate required statistical
analysis for validation.

6.8 APPLICATION TO NAVAL SHIP DESIGN
AND OPERATION

The developed simulation has potential for application to
various aspects of naval ship design and operation. Note
that application to design and operation requires that the
simulation first be determined to be fit for purpose.

It is essential that ships maintain controllability during
replenishment at sea. The simulation could be used to
assess that the ships are able to maintain controllability
even while subject to forces from hydrodynamic
interactions and replenishment gear. Ship headings,
separation distance, and relative longitudinal separation
are key indicators of controllability.

Replenishment gear must be able to cope with changes of
relative ship locations. The simulation could be used to
assess expected variations in ship relative locations,
providing valuable input for design of replenishment gear.

The simulation could be used for operational planning,
including selection of optimal speed, heading, lateral
separation, and relative longitudinal position.  The
simulation enables safe and economical evaluation of
many different operational scenarios. Experience with
the simulation indicates that variation of operational
parameters often leads to counter-intuitive results due to
the complex nature of the underlying physics, such as
hydrodynamic interactions.
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7. CONCLUSIONS

A distributed simulation of replenishment at sea was
developed wusing the High Level Architecture. The
simulation components can be adapted for other naval
scenarios, such as launch and recovery of water craft.
Implementation using HLA was facilitated by focussing
on a limited required subset of HLA. The open source
CERTI HLA run-time infrastructure was highly useful for
acquiring HLA skills and implementing the simulation.

Modelling of seaways using single or multiple sinusoidal
wave components was suitable for simulating naval
operations in realistic wave conditions and enabled
implementation of non-networked seaway models that
could be quickly accessed by simulation components.
Ship motion computations were based on potential flow
models, which provided performance that was much
faster than real-time.

Ship motions for interaction cases can be very sensitive
to wave frequency; thus, fine wave frequency increments
are recommended when performing model tests in
regular waves for wvalidation purposes. Tank wall
interference can affect the results of model tests in
irregular waves in the lower frequency range and need to
be taken into account in the validation. Validation sea
trials should include detailed measurements of
directional wave spectra.

Validation has indicated that the influence of ship
forward speed on the free surface boundary condition is
more pronounced for ship interaction cases than for
single ship cases. In-depth validation of replenishment
gear simulation components is a recommended area for
future work.
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