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ABSTRACT 
 

     Among the many challenges posed by high-speed ship design are the determination of naval 
architectural parameters for the often-unconventional hull forms. In addition, ship designers need 
to consider performance in high sea states. CFD tools can assist ship designers to predict 
resistance, propulsion performance, sea keeping, and maneuvering in all sea conditions: calm 
water, high sea states, and shallow water. Moreover, ship designers would benefit greatly from a 
computational hydrodynamics tool set that would assist in all stages of the design process, 
starting from the preliminary design requiring full parametric studies, to detailed analysis of the 
completed designs. Lacking such a tool set, a synergetic team of highly experienced navy 
architects, code developers, and hydrodynamicists put together a design suite that uses fast 
inviscid codes for the initial parametric studies and gross optimization, and URANS operating on 
high performance computing resources for detailed optimization and evaluation of ship 
performance. This collaborative effort by Bath Iron Works (BIW), Flight Safety Technologies 
Inc.(FSTI), Naval Surface Warfare Division (NSWC), and University of Iowa (UI), in response 
to the navy’s need for a high speed sea lift (HSSL) comprised of two phases. Phase I dealt with 
development of the hydrodynamic design suite, and investigation of the initial HSSL concept 
performance. This set the stage for Phase II, which deals with validation of the design suite with 
newly acquired data for the revised HSSL designs. The design suite is also used for hull form 
optimization. Model testing for the optimized hull form validated the optimization and provided 
additional data for individual code validation. The current report describes the process followed 
for applying the suite of codes to the concept design of a High Speed Sealift Ship, the 
improvements to the design suite based on Phase I evaluation, detailed validation of the codes, 
CFD based hull form optimization efforts, and HPC utilization.  
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1. INTRODUCTION 
 

A. Background. In response to current need for high-speed sealift (HSSL) that will allow 
rapid deployment of forces from CONUS to foreign ports, the ONR initiated a coordinated two-
part project consisting of several teams. Part A deals with architectural concepts, and Part B 
deals with design of computational tools. Current work details Phase IIf the Part-B efforts. In 
Phase I, a multi-disciplinary team consisting of approximately 17 hydrodynamicists and ship 
designers from the University of Iowa (UI), the industrial organizations Bath Iron Works (BIW) 
and Flight Safety Technologies, Inc (FSTI), and the Naval Surface Warfare Center, Carderock 
Division (NSWC/CD) developed and integrated the Computational Hydrodynamic Tools 
necessary for the HSSL project. The hydrodynamic tool set demonstrated capability for 
predicting the resistance of multihull vessels up to at least sea state 6, propulsive performance, 
seakeeping and structural loads on these vessels through survival sea states, maneuvering 
characteristics of the vessels, and the effects of shallow water on the performance of the vessels 
at several levels of fidelity. Current Phase II deals with the implementation of the design suite 
during the design process, along with detailed validation of the tools.  
 

B. Objectives. The main objectives of Phase II are as follows. 

1. Develop additional predictive capabilities according to design needs, based on Phase I 
evaluation. 

2. Obtain necessary data and validate codes.  

3. Demonstrate optimum hull-form design process 

4. Evaluate, validate, and explore concept performance for full range of parameters of interest 

5. Construct expert system framework to guide the ship designer in the use and integration of 
the computational tools and analysis database. 

6. Evaluate code performance & usability and work with the HSSL concept designers to ensure 
their needs are met. 

7. Finalize hydrodynamic tools package based on testing and feedback from users. 

8. Archive data and codes 

 

C. Approach. The emphasis in Phase I was in identifying the needs of the designer for 
HSSL, assembling a suite of hydrodynamic computational tools to address those needs, and 
ensuring that the assembled tools really will do the job. The initial HSSL catamaran and trimaran 
hull concepts and the comprehensive suite of hydrodynamic tools with optimization capability 
were put together, and the needs of the naval architects identified. The computational 
hydrodynamic tools set consist of specialized low-fidelity codes, namely TSD for resistance and 
VERES for sea-keeping, and generalized high-fidelity codes, namely AEGIR and CFDShip-
Iowa. The concept performance was analyzed and critical aspects regarding hull interactions, 
resistance, and sea-keeping were identified. Simulations were not carried out for the entire 
parameter ranges; however, proof of concept was established in the parameter range of interest. 
TSD proved capable in calculating resistance in calm seas over full parameter range of interest. 
VERES proved capable in predicting motions, velocities and accelerations at specified points, as 
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well as statistics such as slamming probability, probability of green water on deck, motion 
sickness incidence, and motion induced interruptions per minute. VERES also demonstrated the 
influence of passive and active ride control. AEGIR obtained RAO’s by analyzing the time 
response of a ship from a series of regular wave runs, and from a single irregular wave run. 
Global seakeeping loads on the HSSL catamaran were calculated using both VERES and 
AEGIR, and compared. CFDShip proved capable in simulating pitch, heave, and roll motions in 
regular and irregular waves at arbitrary headings. CFDShip also demonstrated capability in 
simulating waterjet self-propelled motion in waves. CFDShip was interfaced with optimization 
modules, but was not implemented. Initial qualitative validation using critical elements of 
available data sets from other high-speed multi-hull and mono-hull geometries established code 
performance.    
 The Phase II effort is largely a continuation of Phase I, with the same suite of tools, but with 
a more focused effort on validation of tools for accuracy, and their use in hull form optimization, 
and implementation of the HSSL design suite in conjunction with Part-A (architectural part) of 
the project. The intent of the Phase II effort is to use the new HSSL hull forms available from 
Part A of this BAA for evaluation in Phase II of the tool development effort. Data obtained from 
Part A is used directly to validate the codes. In addition, the hull form was optimized using the 
different codes using different optimization strategies. The optimized hull forms were cross 
verified using the different codes and evaluated. Model testing was carried out by Part A (BIW, 
2006) for selected optimized hull forms for validation of the predictions. Maneuverability and 
the implementation of RNN is a major effort of Phase II. This not only entails the training of the 
RNN, but providing the necessary RANS runs in calm water and waves that are needed to train 
it. Another important element of the Phase II work will be to continue to improve performance of 
the code on the HPC site, in order to allow quick turn-around on large design studies. Finally, the 
completion of the expert system and pulling all of this information together into a single place is 
key to making this a useful suite of design tools and not just a set of disparate prediction efforts. 

Preliminary validation of the design suite focused mainly on resistance and sinkage & trim 
predictions using experimental data for the initial HSSL designs (BIW-AV catamaran and 
trimaran) from BIW. Additional validation was done using earlier multi-hull models, i.e., model 
5594 and DELFT catamaran. Limited sea-keeping validations were carried out using data for the 
DELFT in regular head seas (Stern et al. 2006). The validation provided sufficient confidence to 
use the lower fidelity potential flow codes for optimization of the BIW-AV catamaran. The 
optimized BIW-AV hull form was tested experimentally in calm waters and the results used for 
validation of the resistance predictions of the codes. Following the evaluation of the initial and 
the successfully optimized BIW-AV concept designs, a different design, the SWATH catamaran 
design was explored, to investigate possibilities of further drag reduction and better sea-keeping 
characteristics. The base-line SWATH catamaran test sessions provided extensive data for both 
resistance and sea keeping for detailed validation of the design suite. This design was optimized 
using both the potential flow codes and the URANS codes, and the results were crosschecked. 
The final model testing was then based on the URANS optimized SWATH hull form.  
 The current report focuses mainly on the SWATH test sessions with some details on the 
optimization of the BIW-AV hull forms using the potential flow codes. The reader is referred to 
Stern et al. (2006) for the validation of the codes based on the initial hull forms.  
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2. NAVAL ARCHITECTURAL CONCEPTUAL DESIGN (BIW) 
 

A. Synergy Part A. BIW’s participation on the Iowa-led Subpart B computational tool 
development team was facilitated by its Subpart A HSSL concept formulation project. Each 
effort enhanced the other: Subpart A naval architecturally feasible concept designs provided 
realism and model test data for Subpart B validation, while computational tool development and 
application led to optimally low drag hull forms for concept development and refinement.   
 

B. Hull Form and Propulsor Concept Designs with Experimental Evaluation. The HSSL 
concept hull form development and evaluation by model test occurred in four steps. The initial, 
or baseline, step included the four hull forms shown in Figure 2.1: —Baseline Catamaran, 
Baseline Trimaran, SWATH-Cat, and Mono-Cat (twin-bowed monohull). 
 

 
 

(a) 
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(b) 

(c) 
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Figure 2.1. Initial hull forms: (a) Baseline Catamaran, (b) Baseline Trimaran, (c) SWATH-Cat, 

and (d) Mono-Cat 
 

The catamaran and trimaran demi-hulls are slender hull forms with conventional curves of 
area derived from high-speed slender stabilized monohull optimization work for ONR in the 
BIW DASH project.  The SWATH curve of area was developed by the application of the 
Chapman code for SWATH hull forms at NSWCCD, with the added artifact of transom sterns to 
facilitate waterjet propulsion arrangement.  The Monocat is a concept contributed by MAPC.  
These four concepts, all model tested in the small towing basin at the USNA Hydrodynamics 
Laboratory, represented a starting point against which to measure improvements in hull form 
development during the course of the project.  The model length in all cases was 4 feet. 

Model test data extrapolated to full scale showed remarkable similarity considering the 
physical hull form differences, as shown in the Figure 2.2.  The fifth set of data, BIW TriCat, is 
for the catamaran derived from the trimaran by eliminating the center hull and increasing the 
draft to equalize displacement. 

(d) 
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Figure 2.2. Propulsion power for the four initial concepts 

 
 

The principal conclusion from this round of model tests was that interference drag of the 
multihulls was significant and represented an opportunity for hull form optimization. It was also 
observed that the SWATH exhibited large form drag and could be reduced. 

The second round of hull form development and testing proceeded using catamaran and 
SWATH concepts. NSWCCD and APS independently developed optimization schemes used in 
conjunction with TSD and AEGIR, respectively, that improved the catamaran, while NSWCCD 
redesigned the optimal SWATH design.  The APS-optimized catamaran and the new NSWCCD 
SWATH are shown in the Figure 2.3 and 2.4.  The catamaran optimization work changed the 
curve of areas and applied camber to the demihull centerplanes.  The SWATH changes included 
thinning of the strut and a fine stern termination appropriate for a submerged on-axis propulsor 
arrangement.   
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Figure 2.3. APS-Optimized Catamaran  

 

 
Figure 2.4. NSWCCD SWATH  

 
Both hull forms were evaluated using 4-foot models in the small towing basin at USNAHL.  

The extrapolated EHP curves are shown in Figure 2.5 with comparisons with the baseline test 
data. The interesting part of the figure is at 40 knots, which is nominally the full load departure 
speed for an average transit at 43 knots.  The black curve is the Baseline Catamaran Demihull 
times two and represents a reasonable goal for the catamaran optimization task, namely the 
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elimination of interference drag.  The blue curve is the actual Baseline Catamaran and the red 
curve is the optimized catamaran.  The green curve is the NSWCCD SWATH.  Note that the 
interference factor (orange curve) for the Baseline Catamaran is unity (no interference) at speeds 
of 20 and 30 knots, but approaches 1.4 at the speeds of interest. 
 

 
Figure 2.5. EHP comparison  

 
These results for the NSWCCD SWATH and the APS-Optimized Catamaran show essentially 
equal power requirements.  Therefore, other factors including seakeeping, propulsors, and draft 
reduction for port entry contributed to the selection of the improved SWATH concept for the 
third round of hull form development and testing. 

After refining their optimization processes, NSWCCD and APS independently developed 
optimal revisions to the NSWCCD SWATH.  The SWATH was in fact already optimal with 
respect to the linear theory used in its development, but non-linear effects observed in the tank 
supported the belief that the hull form could be improved. The results of their work are shown in 
Figure 2.6. 
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Figure 2.6. Optimized SWATH: (a) NSWCCD optimized , (b) APS optimized 
 
 

Extensive evaluation of the two “optimized” SWATH hull forms using the potential flow 
codes SHIPFLOW and AEGIR, and the RANS code CFDShip-IOWA, showed no clear 
improvement in either optimized version compared to the parent SWATH. While the potential 
flow codes predicted a small drag reduction for the optimized hull forms, the RANS code 
showed the opposite.  It was concluded that for this hull form viscous effects are too large not to 
be included in the optimization scheme. 

The third round of model testing was conducted in the large basin at USNAHL using a 
correspondingly larger model (length 10.5 feet).  In addition to resistance at several 
displacements and trims, the testing also included head seas added resistance and seakeeping.  
The hull form was the parent SWATH.  Calm water resistance was in agreement with the smaller 
model data.  Pitch and heave RAOs were measured in regular waves of varying steepnesses and 
λ/L from 0.75 to 2.00.  Added resistance in Sea State 4 was only about 10%, as shown in Figure 

(a) 

(b) 
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2.7. A mild heave resonance in Sea State 6 at 35 knots is responsible for the peak in added 
resistance at 35 knots. 

 

 
Figure 2.7. Added resistance of revised SWATH 

 
The fourth round of hull form development and testing began, as in the third round, with the 

NSWCCD SWATH.  Shape optimization was performed by U. of Iowa using their RANS code 
to evaluate genetic algorithm variants. Overall, the approach was similar to that of NSWCCD 
and APS, with the major difference being the capture of viscous effects such as separation and 
shed vorticity by the RANS code. 

The SWATH optimized by Iowa is shown in the isometric view of the starboard demihull in 
Figure 2.8, and in comparison to the parent SWATH in Figure 2.9.   
 

 
Figure 2.8. Iowa optimized SWATH 

 
The changes are subtle yet significant. The volume of the bow has been reduced, the stern 

increased, and the demihull centerplane is cambered so that the inner strut surface is nearly 
planar. 
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Figure 2.9. Comparison of SWATH hull forms 

 
The resistance, added resistance, and seakeeping tests were conducted at NSWCCD using a 

19-foot model. The measured residuary resistance coefficient Cr for the optimized SWATH is 
plotted in Figure 2.10 for comparison with the measured and predicted coefficients for the parent 
SWATH. At the design Froude number of 0.518 the Iowa optimization has reduced the residuary 
drag about 9%.  

 

 
Figure 2.10. Comparison of SWATH resistance 
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Figure 2.12. Shore load transfer 

 
 

E. At-Sea Load Transfer Concepts. For at-sea transfer of wheeled and tracked loads, two 
arrangements of HSSL and large support ships were considered.  The preferred arrangement is 
stern-to-stern to facilitate use of the organic stern ramps and hoists (Figure 2.13).   

 

 
Figure 2.13. Stern to stern configuration 

 
The second arrangement is side-to-side (Figure 2.14) similar to underway replenishment, but 

with little or no headway.  In both cases, dynamic positioning or tugboats as well as mechanical 
links would be employed to preserve relative positions and alignment, and the optimum headings 
relative to the incoming seas will be determined by analysis and experimentation. 
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Figure 2.14. Side to side configuration 

 
 
 

3. COMPUTATIONAL HYDRODYNAMIC TOOLS 
 

The computational hydrodynamic tools set consist of the codes TSD, VERES, RNN, AEGIR, 
and CFDShip-Iowa. The following provides a summary of the code capabilities, and the 
improvements made during Phase II. 
 

A. Summary of multi-fidelity hydrodynamic tools assembled in Phase I 
 

 
Fig 3.1. Summary of HSSL hydrodynamic tools 

 
Several tools are for specific areas shown in Figure 3.1, such as TSD for resistance and 

VERES for ship motions, while several others are multi-purpose. AEGIR can be used to estimate 
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ship motions as well as calm water resistance, while CFDShip can be used to estimate resistance, 
propulsion, maneuvering, and motions in waves. A detailed description of the codes is 
documented in Phase I report. Following provides the code development activities in Phase II 
based on Phase I evaluation.  

 
B. AEGIR : Code development based on Phase I evaluation. AEGIR represents the mid-

point hydrodynamic analysis and design code in the suite of HSSL tools.  Its time-domain, linear 
and nonlinear ship motion simulator and its three-dimensional, potential-flow approximation of 
wave-body interaction allows for a very flexible analysis of nearly the entire range of issues in 
HSSL design.  AEGIR can be applied to high-speed seakeeping and resistance predictions or to 
low-to-zero speed cargo transfer problems.  It considers global and relative motions, structural 
loads, resistance, and steady or unsteady lifting effects. 

AEGIR complements the more computationally demanding, higher-fidelity viscous flow 
solver, CFDShip-Iowa, through its ability to handle longer simulations and larger design spaces 
within practical computational limits.  AEGIR can run usefully on current laptops or be run for 
large design spaces on LINUX clusters or HPC facilities.  Even as computational resources 
increase, a range of lower fidelity, higher-efficiency codes will be needed since the complexity 
of engineering designs are also increasing.  For example, in the past simple monohulls were 
being studied for Naval use, but the new multihull HSSL concepts require about the same real 
computational run times since the added geometric and physical complexity have balanced the 
increased speed of computers.  Even when geometric complexity is not increasing, there will be 
further interest in more computational demanding applications such as long-term extreme events 
and ship operations.  Just as AEGIR complements CFDShip-Iowa, there is also a place for the 
lower-fidelity tools such as VERES for seakeeping and TSDO for resistance.  As this HSSL 
program has shown the Naval Designers will benefit from the careful use of a suite of 
hydrodynamic tools. 

In this section of the report, the basic AEGIR method and initial contribution in Phase 1 will 
be re-summarized.  Then the focus will be on new developments in AEGIR under Phase 2.  
Further sample results will be presented throughout the paper in context with the rest of the 
project and HSSL applications in sections 4 and 5. 

General description of Aegir: AEGIR is hydrodynamic analysis tool and ship motion 
simulator based on three-dimensional, potential-flow wave-body interaction theory.  Both linear 
and nonlinear formulations for the wave flow and body motions have been implemented.  The 
Rankine Boundary Element Method (BEM) approach, which entails the solution of a boundary 
integral formulation on the body and free surface boundaries for the governing Laplace equation, 
offers a more computationally efficient solver compared to viscous flow CFD codes.   Viscous 
forces and other external models, such as nonlinear couplings between ships for instance, are 
allowed in the solution of the ship motions of equations.  The viscous forces are typically added 
as semi-empirical forces or through data provided by complementary CFD codes. 
 
The key features of AEGIR include: 
 

i. Three-dimensional wave-body interaction: while two-dimensional (2D) methods such as 
VERES and TSD0, not to mention many other existing and proposed methods, are 
extremely fast to run and have been successfully applied to many past projects, there are 
some very important benefits to using a true three-dimensional (3D) solution.  There are 
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two key weakness to a 2D approach.  One weakness is geometric, the other is a physical 
limitation.  Two-dimensional approaches fail to capture the end effects of real ship 
geometries.  The arbitrary simplification of bows, which may be bulbous or have 
complex curvature, and in sterns, which may have three-dimensional transom flows, will 
also be open to question.  The second weakness is that these approaches miss important 
physical features in the wave patterns or in aspects such as the interaction of lifting 
surfaces with the wave flow and hull pressure.  Strip theory, for instance, is only strictly 
applicable to high reduced frequencies and speeds.  Attempts to use it for following seas, 
for instance, are unsupportable based on the underlying assumptions as so will always be 
open to questions of robustness. 

ii. High-order discretization of the wave flow: the use of low-order (constant or bilinear 
distribution) discretization as in traditional Panel Methods leads to unconditionally 
unstable free surface evolution schemes.  These low-order Panel Methods require the 
addition of artificial damping in order to obtain stable time-domain solutions.  As the 
panel sizes decrease, these artifical damping schemes become vanishingly small so the 
solutions become unstable as panel sizes become smaller.  As numerical stability 
analyses have shown (Nakos, 91), this problem with inconsistent, unconvergent solutions 
is eliminated by using a high-order (quadratic or above) discretizations and a carefully 
designed mix of explicit and implicit Kinematic and Dynamic Free Surface evolution 
schemes.  AEGIR models the unknown wave flow as an integral B-spline of arbitrary 
order.  Also, the expression for the wave flow is decoupled from the expression for the 
geometry.  This method, a “geometry-independent” approach, uses discretization of the 
flow that is separate from the geometric description.   

iii. NURBS based geometry engine: due to the flexibility of the geometry-independent BEM, 
AEGIR can take advantage of a very capable internal CAD engine based on Non-
Uniform Rational B-Splines (NURBS).  This engine uses the exact IGES descriptions 
that designers use to define modern hulls.  Because of this there is no approximation of 
the geometry.  The integral formulation is applied precisely on CAD geometry as 
developed by the designer.  A user-friendly front end, Rhino3D, is used to translate IGES 
files to AEGIR.  All waterline intersections and free surface setup are handled internally 
in AEGIR through the ship motion simulation using a complete set of surface-to-surface 
NURBS intersection routines.  This internal NURBS engine has been developed in order 
to minimize the setup time for AEGIR runs and to keep the free surface setup as intuitive 
and simple as possible for the user. 

iv. Linear and Nonlinear Time-Domain Formulations for Unsteady Problems: the intent for 
AEGIR is to make a single, flexible hydrodynamic analysis tool that can handle a very 
large range of ship problems.  The code can be uniformly applied from zero to very high 
forward speed, including turns.   It can handle single hulls, multihulls, or multiple body 
interactions.  Potential quantities of interest include ship global and relative forces and 
motions, global and local structural loads, resistance in a seaway, and extreme events.   In 
order to be flexible, a range of linear and nonlinear formulations have been implemented.  
For instance, linear wave theory with nonlinear external forces is typically sufficient for 
ship motions problems, but nonlinear wave theory may be necessary for the consideration 
of extreme structural loads.  The time-domain approach for solving the equations of ship 
motion allows for an easy combination of linear and nonlinear physical models compared 
to frequency-domain solvers.  The Rankine Green function allows for flexibility of the 



17 
 

free surface formulation, unlike wave Green function methods.  The flexibility in AEGIR 
allows for a selection of formulations to efficiently meet the needs of varying engineering 
applications. 

v. Fully-Nonlinear Steady-State Solver: there are two main solution schemes within 
AEGIR. One is the time-domain ship seakeeping simulation for unsteady seakeeping 
problems.  The other solves the steady-state formulation of the fully nonlinear free 
surface conditions with allowance for dynamic sinkage and trim through an iterative 
procedure.  While the unsteady solver can produce predictions for wave resistance and 
other steady forces after a long run where transients decay, the steady solver produces the 
steady-state limit directly which results in a much more efficient computation.  This 
steady-state solver has been successfully applied to improve the performance of 
America’s Cup yachts in the most recent round of races at Valencia, and has been applied 
to a number of hulls within the HSSL program.  Potential flow solutions have limitations 
in the optimization of hull forms when considering total drag, but if used carefully can 
offer designers a powerful tool.  The section on optimization below will discuss this in 
more detail. 

vi. Steady and Unsteady Lifting Surfaces: a critical feature for advanced ship designs is the 
ability to model the interaction of lifting bodies with hull forms.  Higher speed vessels 
can benefit from significant appendages that either reduce total drag through dynamic lift 
or allow for better ride control and maneuvering.  AEGIR, as a three-dimensional code, 
has a boundary element model for lifting surfaces that simply cannot be reproduced in 
simpler two-dimensional methods.  AEGIR applies a Kutta condition for lift and trailing 
wakes that can model both steady and unsteady lifting flows. 

vii. Fast (Accelerate) O(N) Solvers:  AEGIR was the original ship hydrodynamics code to 
pioneer the use of algorithmically fast solvers for nonlinear wave simulation.  While 
further work is necessary in the fully nonlinear seakeeping problem, the use of this fast 
solver is a critical feature for AEGIR. 

 
Development and testing continues to improve AEGIR’s fidelity and application to an ever 

widening range of applications, but these basic building blocks have allowed the method to be 
successfully applied for HSSL concepts. 

Review of Phase 1:  The primary achievements for AEGIR in Phase 1 were to transfer the 
code to NSWC-CD for evaluation and to demonstrate the applicability of the code to a range of 
HSSL problems. Details on the results from Phase 1 are presented in Stern at al. (2006).  

AEGIR training was provided to NSWC-CD and the code was delivered for evaluation and 
general use.  NSWC-CD has gone on to use AEGIR in a number of projects unrelated to HSSL 
for instance.  NSWC-CD applied AEGIR to the HSSL-A catamaran design provided by BIW.  
Results from these motion simulations were compared to the strip-theory code VERES and 
presented in the Phase 1 paper.  Both short and long time simulations were performed using 
AEGIR, which was efficient enough to be run locally on basic desktop PCs.   

New developments were begun in Phase 1 and subsequently delivered to NSWC-CD.  These 
new developments include relative motion and global structural load computations.  NSWC-CD 
created a list of suggested improvements for new output results and user-friendliness that would 
be adopted in Phase 2.  The initial attempt at implementing the structural load computation 
proved to have an error, which has been corrected in Phase 2.  A motion discrepancy for the 
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Delft catamaran at moderate speeds in long waves was also noted and this was corrected in Phase 
2 also. 

Besides the evaluation study conducted at NSWC-CD, AEGIR was also demonstrated as a 
cargo (or load) transfer code for simulating the interaction of two ships such as a catamaran and 
a monohull ship. 

Contributions in Phase2: The goals for Phase 2 were to address user issues raised by NSWC-
CD, correct some of the Phase 1 features, demonstrate some new features for Phase 2, and to add 
to the range of validation for AEGIR.   Furthermore, training was provided to Bath Iron Works 
along with the AEGIR code.  BIW performed a detailed validation study alongside their physical 
experiments on the new BIW Swath design. 

A list of desired modifications was created by NSWC-CD for AEGIR and these were 
considered in the development under Phase 2.  AEGIR, as any code, benefits from this type of 
beta testing and a constant part of any application or development project is to improve the ease-
of-use, robustness, and validity of the code.  Complete details will not be presented here, but 
some of the improvements in the following areas:  

• Automated Free Surface Setup 
–    Size and shape of overall domain 
–    Number and shape of sub-domain patches 
–    Discretization into high-order elements on each patch 

• Better documentation, user-friendliness, and error handling. 
• Establish standard practices for application,                                                   

 e.g. automated rules for numerical discretization. 
• Batch processing and HPC utilization. 
• Read/Write to the central design database, NSWC-CD integration. 

Besides improvements to the use of the code, features to handle new physical questions were 
added under the HSSL program.  Some were started in Phase 1 and then finalized in Phase 2. 
These included relative motions and global structural loads.  Other features were identified as 
important in Phase 1 that were implemented in Phase 2.  These included an improvement in 
motions related to the treatment of the so-called m-terms, the demonstration of seakeeping using 
nonlinear hydrostatic and Froude-Krylov formulations, and multihull motions in oblique or 
following seas.  The oblique simulations also now include the ability to use symmetric and 
antisymmetric decompositions of the flow for the sake of computational efficiency.   

During the HSSL program, one major advance was an improvement to implementation in 
AEGIR of the m-terms and the local flow decomposition as formulated in Kring (1994) for 
instance.  Previous validation studies for the Delft catamaran motions showed a discrepancy in 
long waves.  This error was strongly evident for multihull motions at moderate speeds, such as 
Froude number 0.6.  At low speeds, the error was virtually negligible and at very high speeds it 
was also less noticeable. 

This error stemmed from a numerical inconsistency in the calculation of the zero-frequency 
forward speed hydrostatics, especially in the heave-pitch coupling.  The correction to this error 
had led to very good agreement for the Delft catamaran.  Further work on the computation of m-
terms, that couple steady and unsteady end effects, is currently proceeding.  While some of the 
results presented in this report were not processed with the corrected version of the code, a re-
sampling of these runs showed that the error was not significant in most of those cases. 
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Figure 3.2 and 3.3 below show the improved validation for the heave and pitch motions of 
the Delft catamaran operating at the moderate speed of Froude number 0.6. 

 
Figure 3.2. Heave Response Amplitude Operator for the Delft Catamaran at Froude number 0.6. 

 
Figure 3.3. Pitch Response Amplitude Operator for the Delft Catamaran at Froude number 0.6. 
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A correction to the implementation of the new global structural load model was also made in 
Phase 2.  The Phase 1 results showed a clear error in the vertical bending moment for the test 
case, the nominal HSSL-A catamaran.  The vertical bending moment was not closing to zero at 
one end of the ship.  This indicated an imbalance in one of the four components of loads: inertia, 
hydrostatics, hydrodynamics, and gravitation.  During Phase 2 this error was identified and 
removed.  The problem stemmed from a mismatch in the time-step at which the hydrodynamic 
loads were being included in the computation.  A consistent numerical approach now leads to a 
balance of all load components and load closure.  NSWC-CD has compared the new load 
prediction to VERES and has found good agreement.  While the global load predictions have 
now been verified, further validation studies should be addressed in the future work. 

A sample load calculation is shown in Figure 3.4 for the HSSL-A concept.  The vertical 
bending moment is at a maximum near midships at t=0, which is correct for the static structural 
load distribution.  As time progress and the ship moves in heave and pitch the local maximum of 
the bending moment shifts forward.  This could be a key piece of information for the structural 
design of a typical HSSL ship.  The global load calculation in AEGIR has been implemented to 
be very flexible.  An arbitrary set of planar cuts can be made through the ship, which would 
allow the designers to consider loads uniquely important for multihull ships.  For instance, an 
oblique cut could be taken through the knuckle between the deck and side hulls.   

As the nonlinear seakeeping studies progress, structural load computations will become 
increasingly important.  It has long been known that while linear theory is often quite suitable for 
predictions of motions, even in severe seas, the structural loads can be very strongly affected by 
nonlinearity.   

AEGIR can also compute local loads, pressures on the hull, and these will be examined in 
future validation studies.  Performing physical experiments to measure both local and global 
structural loads are very difficult and also sparse in the existing literature, but this will be an 
important issue for future validation studies. 
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Figure 3.4.  Vertical Bending Moment distribution across a time-domain simulation for the 
HSSL-A concept with a nominal mass distribution.  A demonstration of AEGIR’s global 

structural load computation. 
 

Another new development for AEGIR under the HSSL program was the demonstration of 
nonlinear seakeeping using the nonlinear hydrostatics and Froude-Krylov (incident wave) 
formulation.  This nonlinear seakeeping approach includes the automatic rediscretization of the 
wet hull as it moves through wave surface.  Here, the internal NURBS engine has proven to be a 
powerful tool for handling the complex intersections automatically.   

The initial work has only been a demonstration of the capability, as shown for instance in the 
Delft motions of Figure 3.5.  The Delft, with its typically shallow semi-displacement type stern, 
showed some strong nonlinear effects.  It is too early to know if these motions are valid, and 
further validation work must be performed, but this is a demonstration of the capabilities of the 
code, based on the Phase 2 development. 

An examination of the fully nonlinear radiation problem and the fast, O(N) solver for 
multihulls was also begun, but this work is still immature.  Beyond the radiation problem, the 
fully nonlinear diffraction problem and the complete nonlinear seakeeping issue will have to be 
addressed.  One of the main challenges in fully nonlinear seakeeping will be the question of 
addressing the statistics of extreme events at a practical computation cost. 
 

Vertical Bending Moment (Nm)
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Figure 3.5. Time histories for heave and pitch motion for the Delft Catamaran at Froude number 
0.6 with three different wave steepness using AEGIR’s nonlinear hydrostatic and Froude-Krylov 
formulation. 
 
 

Finally, as documented by the Delft results above and in other sections in this document a 
range of new validation studies have been completed including steady and unsteady results.  
These include the BIW Swath study and the ship-to-ship transfer study. 

 
C. CFDShip-Iowa: Code development based on Phase I evaluation. During Phase I UI 

extensively developed the code and implemented numerous applications (Carrica et al., 2006, 
2007). For ship motions, arbitrary heading, regular and irregular, unidirectional and 
multidirectional waves was implemented. The latter was accomplished using a Bretschneider 
spectrum for the wave frequency and a 2cos  directional spectrum, as recommended by ITTC 
(1978). To allow for the computation of large-amplitude motions a dynamic overset grid 
technology was used. This was accomplished using the interpolation tool SUGGAR (Noack, 
2005). The implementation was validated for DTMB 5512 in regular head seas free to pitch and 
heave. For sinkage and trim calculations, artificial damping coefficients were used and validated 
for DTMB 5512. For fully appended ships overset grids over solid surfaces was used, which 
requires the evaluation of the weights of the different active cells that overlap over the solid 
surfaces. This was implemented as a preprocessing step using the code USURP (Boger, 2006). 
The new capability was tested for a fully appended Athena R/V with stabilizers, rudders, skeg, 
shafts and struts. For massively separated flows, a DES model was implemented. This was tested 
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for Athena R/V, both bare-hull and fully appended cases. For full scale computations, wall 
functions were implemented.  

During Phase II major improvements were made to the code in the 6DOF motions solver and 
the level set method. For the 6DOF, the major changes include an explicit solver with less lag, 
addition of implicit artificial damping (good for sinkage & trim predictions), and addition of 
controllers and use of cruise control. Active and passive controllers have been implemented in 
CFDShip. Controllers offer a flexible way to impose simple maneuvers, replicate experimental 
conditions, and analyze ship performance under different situations. CFDShip currently has 
controllers to impose a variety of acceleration ramps in ship forward speed and propeller 
rotational speed, turning and zig-zag maneuvers, Proportional-Integral-Derivative (PID) speed 
control (controlling a propeller body force model or a fully modeled rotating propeller), PID 
heading control (controlling rudder angle), PID autopilot (using simultaneously speed and 
heading control) and waypoint control (using autopilot with variable heading). Controllers add to 
CFDShip the capability of analyzing several new types of problems. These include:  

 
 i. Classic maneuvering tests: the ship is accelerated to the desired approach speed using a 

speed controller, and then the controlled maneuver begins.  
 a. Turning tests: a combined turning cycle requires operating the rudder at 

maximum rudder rate to a prescribed angle, and, once steady-state has been 
reached and the turning radius and tactical diameter determined, put the rudder 
back to zero at maximum rudder rate.  

 b. Zig-zag test: the rudder is operated at maximum rudder rate to a prescribed 
angle. When the ship heading reaches the desired heading check angle the rudder 
is steered at maximum rudder rate to the same angle in the opposite direction. The 
process is repeated on each side, resulting in a zig-zag trajectory.  

 ii. Self-propulsion tests  
 a. Speed-controlled tests: a speed controller is used to determine the self-

propulsion point for a given Froude number. RPM, resistance, sinkage and trim 
are predicted.  

 b. Ramp-controlled (full curve): the rotational speed of the propeller is 
incremented slowly to cover all speeds of interest in a cuasi steady-state way. For 
each RPM the velocity, resistance, sinkage and trim are predicted.  

 iii. Seakeeping  
 a. Course-keeping in waves: an autopilot is activated when a ship is advancing in 

waves. The rudder action and the ability to keep the desired course are studied.  
 b. Capsize/broaching: effect of control and steering strategies on dynamic stability 

can be studied. The role of autopilots in capsize, broaching or other extreme 
events can be analyzed.  

 
The controllers are either logical, based on on/off signals and limiting action parameters, or 

active PID type. Limiters of action use physical limits of the actuators to add reality to the 
resulting actuator setting. For instance a rudder has a maximum and minimum operational angle, 
and a maximum allowed rudder rate.  

The PID cruise controller uses a feedback loop, which corrects for the error between the 
present heading and a target heading by making adjustments to the rudder angle at each time 
step. The adjustments are composed of three components: 1) a term proportional to the error in 
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heading, 2) a term proportional to the integral of the error, and 3) a term proportional to the time 
derivative of the error. The PID controller parameters are currently held constant throughout the 
computation.  

The motions solver was validated against several problems with exact solutions. The 
modification in the level set method include higher-order TVD/hybrid discretization up to fourth 
order, improved reinitialization avoiding close-point distance computation, use of line or point 
solvers. For the pressure-velocity coupling the projection method was implemented. These 
changes improved the overall performance of the code and also showed a significant speed up in 
the calculation upto 5 times faster than during Phase I.  
 

D. HSSL Prototype Knowledge base. A HSSL prototype knowledge-base system has been 
developed to assist with evaluating the domains of narrow specialization related to specific naval 
architect’s needs.   The primary goal of this expert system development was to create an 
interface which presents all relevant information available to decision makers and engineers in 
one location.  The interface can be used to facilitate the analysis of information, to provide the 
ability to make faster decisions using greater amounts of information at once, or to assist 
supervisors and managers with situational assessments and long range planning.   

A knowledge-base system requires large data bases, and potentially brings many years worth 
of research and in-depth knowledge to a specific problem.  The large data base necessary to drive 
the expert system consists of computational and experimental data, engineering software input 
files, post-processed output files, unprocessed raw data, results, charts, video, literature, and 
reports.  This large data base is transformed into a knowledge base through the use of a series of 
wizards.  Wizards are intuitive software programs that target small parts of large problems.  
Three prototype wizards have been developed for the HSSL program. 

The first of three wizards is called the Library & Archive Wizard.  It provides access to post-
processed results, video, charts, input/output files, data files, and literature.  The user points the 
wizard to a series of specific scenarios and the wizard returns a list of all available information 
for that specific scenario that resides within the data base.  The user can then view the resulting 
files from within the wizard in the appropriate format.  For example, the user can ask the wizard 
for all information related to a particular hull form, and the wizard returns access and the ability 
to view published literature, video files, and pre-plotted graphics.  Figure 3.6 represents one view 
of the Library Wizard displaying a report in pdf format. 
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Figure 3.6.  Library Wizard 

 
The second wizard is a data digitizer, as seen in Figure 3.7.  The purpose of this wizard is to 

capture discrete data points from existing figures.  The data can then be loaded into any post-
processing software. The prototype is simple to use and can digitize data represented in most 
graphics file formats.  The harvested data can be saved in any delimited format requested by the 
user and imported into popular commercial post-processing engines such as Tecplot, Matlab, and 
Excel. 

 
Figure 3.7. – Digitizer Interface 

 
The third wizard is a Chart Wizard, as seen in Figure 3.8.  This is a very powerful general 

postprocessor, with a customized, integrated interface for the available HSSL data.  The wizard 
also lets the user import data not maintained within the HSSL Expert System.  Chart types 
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include lines, bars, point, pie, bubble, area, and Gantt, to name a few.  Charts can be viewed in 
either 2D or 3D formats.  Each data series can be manipulated and analyzed with an array of 
built in statistical functions, as well as user defined functions defined at run time.  The chart 
wizard also has fully functioning capabilities to print, export, animate, and append.  The interface 
is fully intuitive to minimize the need for specialized training.  Figure 3.9 is a representation of 
the chart wizard showing a representation of the data on the plot canvas as well as the data series 
interface. 
 

 
Figure 3.8. – Chart Wizard Input 

 

 
Figure 3.9. – Chart Wizard Results 

 
Wizards are currently stand alone local windows application but can be transitioned to web 

based applications and Linux applications for a fully deployed expert system.  The data base files 
for the prototype are installed locally with the wizard installation and can be easily updated via 
website or ftp site.  Full deployment could access data directly from a web server. 
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4. EVALUATION AND VALIDATION OF COMPUTATIONAL HYDRODYNAMIC 
TOOLS 

  
The computational tool set was evaluated and validated for prediction of resistance, 

propulsion, sea-keeping, maneuvering and load transfer.  
 

A. Resistance for baseline BIW-SWATH. The current section focuses on the resistance 
characteristics and code validation using the baseline SWATH model. The resistance 
characteristics of the initial BIW-AV hull form, have been documented in Stern et al. (2006). 
The resistance characteristics of the CFD-based optimized hull forms will be discussed in section 
5. 

Extensive model testing were carried out to procure data for resistance, sinkage, and trim of 
the Swath catamaran in a variety of configurations, namely high displacement (12000 LT) 
conditions with varying initial trims, low displacement conditions (9000 LT), and for just the 
demihull at high displacement condition. The experiments were conducted over a range of Fr, 
with more detailed measurements (varying initial trim conditions, and hull surface streamline 
patterns) at Fr = 0.541. The Fr correspond to full-scale ships of Lpp= 170 m moving at the target 
speed of 43 knots. During the course of the project the length requirement was relaxed to allow 
for Lpp = 186m, which corresponds to Fr=0.518 at 43 knots. CFD simulations were conducted 
over a range of Fr numbers to mirror the EFD measurements, with emphasis on Fr=0.518 and 
0.541.  

1. Comparison of predictions: TSD, AEGIR, and CFDShip. Resistance predictions were 
carried out for the Swath catamaran mirroring the variety of EFD configurations namely high 
displacement conditions with varying initial trims, low displacement conditions and for just the 
demihull at high displacement condition. Two different data sets were available for the high 
displacement condition, one with a 4-foot model and the other with a 10.5-foot model. At the 
design Fr numbers 0.518 and 0.541, the 10.5 foot model has 4% lower Cr.  The Re used in the 
CFDShip simulations corresponds to the 4-foot model. Simulations were also performed over a 
range of Fr using the medium grid with 2.5 million grid points. Fig 4.1 compares the EFD Cr 
with the computed Cp. The CFDShip equivalent is defined as Cp = Ct computed – Cf computed.  
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Fig 4.1.. Validation of resistance at high displacement (12000 LT) condition 

 

 
Fig 4.2. Validation of sinkage and trim at high displacement (12000 LT) condition 

 
Figure 4.2 compares the computed sinkage and trim with EFD.  The 10.5 foot model shows 

higher sinkage and trim than the 4 foot model at the design Fr range. Both CFDShip and AEGIR 
predict the sinkage well, and underpredict the trim.  

The effect of changing the ship LCG was studied by varying the initial trim orientation using 
CFDShip.  Resistance test were conducted at Fr= 0.541 at 12000LT.  Figure 4.3 compares the 
results from the EFD with the 10.5-foot Swath model and CFD (medium grid). Both show the 
same trend with the lowest Cp occurring at an initial trim angle of 1 deg.  

 



29 
 

 
Fig 4.3. Effect of changing the initial trim 

 
CFDShip solutions were obtained for the low displacement case using the coarse grid and 

compared with EFD data (Fig 4.4). The lower displacement case has a slightly higher Cp values 
over the entire Fr range, but the overall trend is similar to the high displacement case. 

 

 
Fig 4.4. Validation of computed Cp at low displacement (9000 LT) condition 

 
CFDship solutions were obtained for the baseline demihull using the coarse grid and 

compared with the EFD (Fig 4.5). The demihull has lower Cp compared to the catamaran cases 
as the hull interference drag is eliminated. 
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Fig 4.5. Validation of computed Cp at heavy displacement 

 
 

The hump in the Cp curve was investigated by examining the free-surface elevation obtained 
from CFDShip at the Fr number corresponding to the extreme values of Cr at 12000 LT. Figs 4.6 
a, b, and c show the free-surface elevation contours and the wave profile close to the inward hull 
at Fr = 0.33, 0.41 and 0.518, respectively. The wave-lengths near the inboard hull are lower than 
the theoretical Kelvin wavelength given by λKelvin= 2πFr2 by 10-20% due to the interference and 
hull form effects. Fr=0.33 shows a depression close to the stern end of the swath resulting from 
the trough of the second Kelvin wave. The suction induced by this low-pressure results in the 
high Cp value. In contrast, at Fr=0.41 the wavelength of the Kelvin ship waves increases to a 
point where this adverse effect is no longer evident near the transom end as the wave crest nears 
the transom end. At Fr=0.518, the wavelength of the Kelvin ship waves increases further, and the 
trough of the first wave reaches the transom leading to increased Cp again.  

 

 (a) 

Cp = 3.8 x 10-3 
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 (b) 

(c) 
 

Fig 4.6. Wave elevation and profile from CFDShip: (a) Fr=0.33, (b) Fr=0.41, (c) Fr=0.541 
 

2. Verification and validation of CFDShip Predictions. A grid study was performed with 
three different grid densities (coarse grid with 880,000 grid points, medium grid with 2.5 million 
grid points, and fine grid with 7 million grid points) to estimate the grid uncertainties at Fr=0.518 
and Re=2.15 E6. Table 4.1. gives the resistance coefficients obtained from the grid study. Cp and 
Ct converge monotonically and Cf exhibits oscillatory convergence, but with uncertainties an 
order of magnitude lower than that of Cp and Ct. Since Cp and Ct converge monotonically, it 
enables the calculation of the comparison error (rG), the order of accuracy (pG), the grid 
uncertainty (UG) and the corrected solution (Sc) which are tabulated in Table 4.2.  

 
Table 4.1. Resistance coefficients at Fr=0.518 

 Coarse (grid 3) Medium (grid 2) Fine (grid 1) 
Cf 
 

0.003928 0.003924 
       ε32 =  0.000004    

0.003927 
        ε21 =  -0.000003 
(oscillatory convergence) 

Cp 0.002269 0.00208 
       ε32 =  0.000189    

0.001921 
        ε21 =  0.000129 
(monotonic convergence)      

Ct 0.006197 0.005974 
       ε32 =  0.000223 

0.005848 
        ε21 =  0.000126     
(monotonic convergence) 

 
 

Cp = 1.15 x 10-3 

Cp = 2.05 x 10-3 
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Table 4.2. Results from the grid study 
 rG pG UG Sc (corrected) 
Cf - - 0.1%  
Cp 0.589 1.527 15.43 % 0.001792 
Ct 0.565 1.647 4.08% 0.005722 
 
Since the iterative and time step uncertainties are an order of magnitude lower than the grid 
uncertainties, the simulation numerical uncertainty is equal to the grid uncertainty USN=UG. For 
validation of the numerical simulation, it is required that the comparison error between EFD and 
CFD (E) should be lower than the validation uncertainty given by UV

2= USN
2+UD

2, where UD is 
the uncertainty in data.  A rough estimate of the uncertainty in data was obtained by examining 
the scatter in the raw data.  Table 4.3 provides the values for the validation; E is lower than UV 
indicating that the solutions are validated. 
 

Table 4.3. Validation of computed Cp 
E % UD % USN % UV % 

14.6% 5 15.43 16.21 

 
The grid study was also performed for the computed sinkage and trim. The sinkage values 

show oscillatory convergence, but with an uncertainty of only 0.1%. The trim shows monotonic 
convergence with an uncertainty of 12.42 %.  Table 4.4 and 4.5 tabulated the results from the 
grid study. 

 
Table 4.4 Sinkage and trim at Fr=0.518 

 Coarse (grid 3) Medium (grid 2) Fine (grid 1) 
Sinkage 
 

-0.003836 -0.003834 
       ε32 =  0.000002    

-0.003837 
        ε21 =  -0.000003 
(oscillatory convergence) 

Trim 
 

0.63 0.5898 
       ε32 =  0.0402      

0.565 
        ε21 =  0.0248 
(monotonic convergence) 

 
Table 4.5. Results from the grid study 

 rg pg Ug Sc (corrected) 
Sinkage - - 0.1%  
Trim 0.617 1.39 12.42 % 0.54 
 

 
A rough estimate of UD was got by examining the scatter in the raw data. Table 4.6 and 4.7 

show the result from the validation studies. The sinkage is validated with the error being less 
than UV. However, the trim predictions are not validated as E is greater than UV. 
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Table 4.8. Validation of towed 2DOF simulations 
At Fr=0.503 CTX  - TX σ  / L * 10-2 τ ×10-3 radians 
EFD towed 0 -0.1394 6.35 
CFD towed  1.7  × 10-4 -0.1365  5.39 
E 5% of TX 2% -15% 

 
Table 4.9. Validation of self-propelled 3DOF simulations 

 Fr reached σ  / L * 10-2 τ ×10-3 radians 
EFD self-prop 0.503 -0.163  7.91 
CFD self-prop thrust 
imposed from EFD 

0.491 -0.141 5.91 

E -2.4 13.4 % -25.2% 
 

Table 4.10. Validation of self-propelled 2DOF simulations 
At Fr=0.503 Fr reached σ  / L * 10-2 τ ×10-3 radians 
EFD self-prop  0.503 -0.163 7.91 
CFD self-prop additional 
thrust imposed for Fr 
correspondence  

0.503 -0.144  6.3 

E  11.6 % -20.3% 
 

Table 4.11. Water jet induced increment in sinkage and trim 
 σΔ  % τΔ  % 

CFD  -5.5 17 
EFD -17  25 

 
C. Sea-keeping. The seakeeping-related performance goals stated in the BAA are 

summarized below: 

• Full performance weather limit ≥ SS 4Rapidly transfer heavy loads (vehicles) between 
ships in open sea in SS 4  

A preliminary seakeeping and operability assessment of the HSSL Integrated Concept was 
performed for Part A by NSWCCD using computational tools. The Integrated Concept, 
described in Section 2, employs the Baseline SWATH hullform that was tested at USNAHL 
under the BIW HSSL A project using a 10.5 ft. model. The seakeeping analysis evaluated the 
ship motion response in Sea States 3 through 6 and provided measures of operability for selected 
basic missions. 

This section summarizes the approach taken in the seakeeping analysis and presents key 
results. 
The following steps describe the overall approach taken in the seakeeping analysis: 

• Defined HSSL Integrated Concept hull dimensions and mass properties 
• Selected representative sea states, missions, speeds, for analysis 
• Selected seakeeping criteria for basic missions 
• Identified motion points of interest on hull 
• Ran VERES and SWMP seakeeping software 
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• Analyzed VERES results obtained for each mission 
SWMP is an NSWCCD code based on linear strip theory that is tailored to low-speed 

SWATH analysis.  It includes a method for estimating the viscous damping forces for motions in 
the vertical plane; i.e., pitch and heave.  VERES is also a seakeeping code based on linear strip 
theory and is applicable over the entire speed range of interest here, 0 to 43 knots.  However, due 
to the absence of viscous damping in the vertical plane, VERES tends to over-predict pitch and 
heave motions. Because VERES is more conservative than SWMP in this sense, the VERES 
results are emphasized in Section 4.3.1.  

The main hull dimensions and estimated mass properties for the HSSL Integrated Concept 
are shown in Table 4.12. 

` Table 4.12.  Hull dimensions and mass properties 
Characteristic Value Remarks 
Length Overall 186.2 m 611 ft   
Length at Waterline 176.2 m 578 ft   
Beam Overall 43.7 m 143 ft   
Beam at Waterline 39.0 m 128 ft   
Demihull Separation 33.7 m 110 ft Between centerlines 
Design Full Load Draft 8.4 m 27 ft   
Full Load Displacement 15,850 mt 15,600 lt   
Pitch Gyradius 46.6 m  153 ft 25% LOA 
Roll Gyradius 17.6 m 58 ft 45% BWL 

The hull geometry offsets used as input to the seakeeping programs were extracted from a Rhino 
CAD model. 

The seakeeping was done in two parts, Annual Percent Time Operability (PTO) calculation 
using North Sea data and all the rest using NATO North Atlantic wave heights and periods.  
NATO Sea State definitions for the Open Ocean North Atlantic are shown in Table 4.13 (see 
NATO Standardization Agreement (STANAG) 4194 “Standardization Wave and Wind 
Environments and Shipboard Reporting of Sea Conditions”). 

 
Table 4.13  NATO sea states 

 
  

Range Mean Range Most Probable

0-1 0 - 0.1 0.05 - -
2 0.1 - 0.6 0.3 3.3-12.8 7.5
3 0.5 - 1.25 0.88 5.0-14.8 7.5
4 1.25 - 2.5 1.88 6.1-15.2 8.8
5 2.5 - 4 3.25 8.3-15.5 9.7
6 4 – 6 5 9.8-16.2 12.4
7 6 - 9 7.5 11.8-18.5 15
8 9 - 14 11.5 14.2-18.6 16.4

>8 >14 >14 18.0-23.7 20

Sea State 
Number

Significant Wave 
Height (m)

Modal Wave Period (sec)
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Table 4.14 Selected sea states of interest 

 
 

The relevant sea states for this analysis are shown in Table 4.14.  To define a representative 
“design point” corresponding to each Sea State (SS) Number, the “top” significant wave height 
value was chosen, and in most cases the most probable modal wave period was used.  Seas were 
modeled as long-crested using a Bretschneider wave spectrum. 

Five generic missions were defined for the HSSL ship concept.  For the purpose of this 
preliminary evaluation, a single operating speed was associated with each mission, rather than a 
range of speeds. 

 
Table 4.15 Missions and seakeeping criteria 

 
 

The seakeeping criteria shown in Table 4.15 for the various missions are based on general 
guidance given in NATO STANAG 4154 “Common Procedures for Seakeeping in the Ship 
Design Process.”  All displacements, velocities and accelerations are RMS values. For each 
mission and its associated speed, the ship response was computed at relative wave headings of 0° 
(head seas), 45°, 90°, 135°, and 180° (following seas). 

The “default” or traditional criteria for personnel performance degradation are the roll, pitch, 
vertical acceleration and lateral acceleration values highlighted in green. Motion Sickness 
Incidence (MSI) and Motion Induced Interruptions (MII) are newer indicators of personnel 
performance degradation that are derived from ship motions: MSI criteria effectively replace the 
vertical acceleration criteria, while MII criteria replace pitch, roll, and lateral acceleration 
criteria.  The MSI and MII criteria are highlighted in yellow.  For the Cargo Transfer and Transit 
missions, both types of personnel performance degradation criteria were checked. For the Helo 
Handling and the Helo Launch and Recovery missions, personnel limits were not included. 

12.46.06

9.74.05

8.62.54

7.51.253

Modal Period (sec)Wave Height (m)Sea State

12.46.06

9.74.05

8.62.54

7.51.253

Modal Period (sec)Wave Height (m)Sea State

Mission
Speed 
(kts) Roll (deg)

Pitch 
(deg)

Vert Acc 
(g)

Lateral 
Acc (g)

Vertical
Vel (m/s) MSI MII

Wthr Dk 
Wetness

Wet Dk 
Slam

Keel 
Slam

Prop 
Emerg Location

Cargo Transfer 0 5 1.5 0.2 0.1 20%@4hr 1/min 30/hr 20/hr 20/hr

MSI/MII/accelerations at bridge 
and amidships side. Weather 
deck at bow edge and amidships 
side. Wet deck at bow edge.

Transit: Personnel 43 4 1.5 0.2 0.1 20%@4hr 1/min
MSI/MII/accelerations at bridge 
and amidships side.

Transit: Hull 43 30/hr 20/hr 20/hr 90/hr

Weather deck at bow edge and 
amidships side. Wet deck at bow 
edge. Keel points at FP, FP+ 0.1L, 
FP + 0.2L.

Replenishment at Sea 
(RAS) - No VERTREP 15 2.2 2.2 20%@4hr 0.5/min 0.5/hr

MSI/MII at bridge and amidships 
side. Weather deck at amidships 
side.

Helo Handling 20 1.8 1.8

Helo Launch/Recovery 20 2.5 1.5 1.0 Vertical velocity at landing spot.

= "Default" Criteria for Personnel Performance Limitation
= Motions Sickness Incidence (MSI), Motion Induced Interruption (MII) Criteria for Personnel Performance Limitation
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Other derived responses from computed ship motions are deck wetness, slamming, and 
propulsor emergence. Criteria for these responses are given as the allowable number of 
occurrences per hour. 

Locations on the hull at which motions and derived responses were to be calculated were 
chosen using the general guidance in STANAG 4154.  Approximate locations of these points are 
shown in the Figure 4.8, and selected point coordinates are given in the Table 4.16. 

 
 

Figure 4.8. Motion points of interest 
 
 

Table 4.16.  Motion points of interest 

 
 

1. VERES seakeeping calculations. VERES is the main seakeeping code due to its 
calculation speed that allows for quick turn around time for a variety of sea-states and headings. 

Keel Slamming
(Port & Stbd)

Propulsor Emergence
(Port & Stbd)

Weather Deck Wetness, 
Personnel Motions

(Port & Stbd)

Personnel Motions

Landing Spot Vertical 
Velocity

Weather Deck Wetness, 
Wet Deck Slamming

Description

X 
(meters aft of bow 

bulb end)

Y
(meters starboard 

of centerline)

Z
(meters above 

bow bulb bottom) Remarks
Bridge centerline (for 
personnel motions) 81.7 0.0 33.4 Z at deck height + 1 m 
Bridge corner (for personnel 
motions) 81.7 11.0 33.4 Z at deck height + 1 m 
Amidships side (for personnel 
motions) 98.1 18.0 14.4

Y at 1.5 m inboard of deck edge, 
Z at deck height + 1 m 

Landing Spot (for helo 
operations) 159.4 0.0 29.9
Weather Deck Wetness (at 
amidships side for RAS) 98.0 19.50 13.4 Y at BWL / 2
Weather Deck Wetness (at 
bow corner) 10.0 16.85 13.4

X at fwd perpendicular (strut leading edge),
Y at strut centerline

Wet Deck Slamming 
(at bow corner) 10.0 16.85 13.4

X at fwd perpendicular (strut leading edge),
Y at strut centerline

Keel Slamming 10.0 16.85 0.00
X at fwd perpendicular (strut leading edge),
Y at strut centerline

27.6 16.85 0.75 X at FP + 0.1 LWL
45.2 16.85 0.75 X at FP + 0.2 LWL

Propulsor Emergence 178.0 16.85 5.8 Z at tail cone centerline height (3.3 m) + 2.5 m

Center of Gravity 98.0 0.0 17.3
LCG = LCB at Full Load
VCG estimated.
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The following results based on the VERES seakeeping calculations will be presented in this 
section: 

• Sample motion responses for Cargo Transfer and Transit missions 
• Operability based on computed limiting significant wave heights 
• PTO assuming operation in North Sea 
For a given mission and its associated ship speed, VERES computed the ship motions at 

relative wave headings of 0° (head seas), 45°, 90°, 135°, and 180° (following seas) for each of 
the sea states defined in Table 4.12. 

Figure 4.9 and Figure 4.10 show the roll and pitch responses for the Cargo Transfer (0 knots) 
mission.  At SS 4, both the roll and pitch RMS amplitudes are less than 1°.  As expected, beam 
seas are clearly the worst for roll SS6.  Following seas are the worst for pitch at all sea states. 
and  Figure  show the roll and pitch responses for the Transit (43 knots) mission.  At SS 4, both 
roll and pitch have RMS amplitudes on the order of 1°. Through SS 5, stern quartering seas 
(135°) are the worst for roll, while beam seas are the worst at SS 6.  Following seas are the worst 
for pitch through SS 5, and bow-quartering seas (45°) maximize the pitch response at SS 6. 

The Cargo Transfer mission is intended to represent a scenario where the HSSL ship is 
transferring vehicles to another ship within a sea base. The inherently low roll and pitch motions 
observed for this mission are encouraging, although further seakeeping analysis that includes 
relative motions and forces between two ships is necessary to fully address the at-sea cargo 
transfer problem.  

Independently of the four design point sea states specified, VERES computes the ship motion 
responses for each mission/speed over a range of significant wave heights and modal periods at 
the selected relative wave headings. It then compares the responses to the limiting criteria in 
Table 4.15 and generates curves of limiting significant wave height for all criteria relevant to the 
mission.  If a wave height/modal period combination (i.e., sea state) of interest lies above any of 
the limiting curves for a given mission, then operability is less than 100% at that particular sea 
state and heading.   
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Figure 4.9. Roll response for cargo transfer mission 
 
 
 
 
 
 
 

 
 

Figure 4.10. Pitch response for cargo transfer mission 
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 Figure 4.11. Pitch response for transit mission 
 

Figure 4.12.  Roll response for transit mission 
 
 
 
 
 
 
 
 
 

0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

1.6

1.8

2.0

2.2

2.4

1 2 3 4 5 6

S
td

. d
ev

.  
 P

IT
C

H
   

[d
eg

]

SIGNIFICANT WAVE HEIGHT, Hs [m]

Project: BIW SWATH Option 1 - HSST
Wave spectrum Pierson-Moskowitz  Tp =  7.5 - 12.4 sec

Long-crested seas

BIW Swath HSST Opt 1; 43.00kn   0.0° BIW Swath HSST Opt 1; 43.00kn  45.0°
BIW Swath HSST Opt 1; 43.00kn  90.0° BIW Swath HSST Opt 1; 43.00kn 135.0°
BIW Swath HSST Opt 1; 43.00kn 180.0°

SS 4
SS 5

SS 6Max Pitch SS 4 ~ 0.9°
Max Pitch SS 5 ~ 1.6°
Max Pitch SS 6 ~ 2.3°

Heading 45°

Heading 180°

0

1

2

3

4

1 2 3 4 5 6

S
td

. d
ev

.  
 R

O
LL

   
[d

eg
]

SIGNIFICANT WAVE HEIGHT, Hs [m]

Project: BIW SWATH Option 1 - HSST
Wave spectrum Pierson-Moskowitz  Tp =  7.5 - 12.4 sec

Long-crested seas

BIW Swath HSST Opt 1; 43.00kn   0.0° BIW Swath HSST Opt 1; 43.00kn  45.0°
BIW Swath HSST Opt 1; 43.00kn  90.0° BIW Swath HSST Opt 1; 43.00kn 135.0°
BIW Swath HSST Opt 1; 43.00kn 180.0°

SS 4

SS 5

SS 6Max Roll SS 4 ~ 1.2°
Max Roll SS 5 ~ 1.6°
Max Roll SS 6 ~ 3.8°

Heading 90°

Heading 135°



 

41 
 

By comparing the sea states specified to the limiting significant wave height curves, 
mission operability as a function of sea state and relative wave heading was determined 
for the HSSL ship concept.  A sample of this comparison process at one heading for the 
RAS mission (15 knots) is shown below in Figure 4.13. 
 

 
 

Figure 4.13. Example: Operability based on limiting significant wave heights 
 

The specified points for SS 4, 5 and 6 are located on the limiting wave significant 
wave height curve plots (SS 3 is not a concern at a significant wave height of 1.5 meters).  
No criterion is violated until SS 5, hence operability at this heading (0 degrees) is 100% 
through SS 4. 

The operability results for all missions are summarized in Figure 4.13 below.  A key 
observation is that SS 4 is the maximum allowable sea state for 100% operability over all 
missions and headings.  This satisfies the BAA goal of full mission performance through 
at least SS 4. 

For each mission table shown in Table 4.17, the last line indicates which motion 
criterion is violated first as sea state is increased.  Note that Motion Sickness Incidence 
(MSI) first limits operability only for the Cargo Transfer mission, and then only at SS 6.  
The Transit mission was analyzed both with and without the MSI criteria, and in both 
cases the propulsor emergence limit was exceeded first. 
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Table 4.17  Mission operability based on limiting significant wave heights 

 
 

  

15 KNOTS RAS 0° 45° 90° 135° 180°
SS 3 
SS 4
SS 5
SS 6

First Limit Wetness (amid) Wetness (amid) Wetness (amid) Roll

20 KNOTS 
HELO 

HANDLING 0° 45° 90° 135° 180°
SS 3 
SS 4
SS 5  
SS 6   

First Limit Roll Roll

20 KNOTS 
HELO LAR 0° 45° 90° 135° 180°

SS 3 
SS 4
SS 5
SS 6

First Limit Vertical Velocity Vertical Velocity Vertical Velocity

0 KNOTS 
CARGO XFR 0° 45° 90° 135° 180°

SS 3 
SS 4
SS 5
SS 6

First Limit Wetness (bow) Wetness (bow) MSI Pitch Pitch

43 KNOTS 
TRANSIT
(NO MSI) 0° 45° 90° 135° 180°

SS 3 
SS 4
SS 5
SS 6

First Limit Prop. Emergence Prop. Emergence Prop. Emergence Prop. Emergence

43 KNOTS 
TRANSIT 0° 45° 90° 135° 180°

SS 3 
SS 4
SS 5
SS 6

First Limit Prop. Emergence Prop. Emergence Prop. Emergence Prop. Emergence

= No criteria exceeded (100% operability)
= At least one limiting wave height exceeded
= Maximum sea state for 100% operability at all headings

Table 4.17  Mission Operability Based on Limiting Significant Wave Heights  
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Another useful operability measure is the Annual Percent Time Operability (PTO) 
computed automatically by VERES.  The program uses an annual distribution of 
occurrences of significant wave height and modal period combinations characteristic of a 
particular operating area.  For this analysis, a default distribution for a North Sea area 
was used, and is described by the scattergram below in Table 4.18. 

 
Table 4.18. Sea state scattergram for North Sea operating area 

 
 

North sea, area 11. Annual. 
 

Number of occurrences 
 

Total  23  161  323  288  145   49   13    3  1005 
 
Hs 

9.5                   1    1                    2 
8.5                   1    1    1               3 
7.5              1    2    2    1    1          7 
6.5              2    4    4    2    1         13 
5.5         1    4    9    7    4    1         26 
4.5         2   11   19   14    6    2    1    55 
3.5         6   27   39   26   10    3    1   112 
2.5    1   17   63   73   40   13    3    1   211 
1.5    3   49  121   99   40   10    2        324 
0.5   19   86   94   41   10    2             252 

 
Tz  3.5  4.5  5.5  6.5  7.5  8.5  9.5 10.5  Total 

 
Hs and Tz values are the middle values in each 

interval 
 

First a mission and its associated speed are selected.  At each wave heading, VERES 
then computes the motion responses at each combination of wave height and period in the 
scattergram for which there is at least one occurrence in one year.  It compares the 
response amplitudes to the specified motion criteria in Table  to determine which criteria 
are violated and how often.  The Annual PTO is then calculated as follows for a given 
mission and wave heading: 
 
PTO (heading) = number of sea state occurrences without criterion violation 
                                             total number of sea state occurrences 
 

For each wave heading VERES computes the Annual PTO based on each mission-
relevant criterion taken separately, and also computes an overall Annual PTO using all 
relevant criteria taken together.  An example of the output for the Helo Launch and 
Recovery Mission (20 knots) is shown in Figure 4.14. 
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Figure 4.14 Annual percent time operability for Helo launch and recovery 
 
Here the three relevant motion criteria are roll, pitch, and vertical velocity at the 

landing spot.  Clearly the vertical velocity limit is exceeded most often, and primarily at 
headings from bow to beam seas. 

 
Table 4.19 Annual percent time operability summary 

 
 

Table 4.19 summarizes the Annual PTO results for all HSSL missions. Note that the 
Annual PTO considers each mission independently; i.e., no mission operating profile is 
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Transit 43 82.0 75.1 80.0 92.5 68.3 80%

Replenishment at Sea (RAS) 15 86.4 79.9 87.6 72.8 98.4 92%

Helo Handling 20 99.7 99.6 94.9 96.5 100.0 98%

Helo Launch/Recovery 20 84.7 78.9 86.2 99.2 100.0 90%

RAS typically done at headings near head or following seas 

Annual PTO (all criteria applied) at Each Heading



 

45 
 

assumed.  An average Annual PTO over all headings for each mission is shown in the last 
column.  For the RAS mission, only the operability in head and following seas was 
averaged, since RAS operations are normally done on near these wave headings.   

The average Annual PTO was at least 80% for all missions.  This is a more 
comprehensive check on operability than limiting wave height approach described in the 
last section since it is based on a wider range of sea states. 

This preliminary seakeeping assessment shows that the HSSL Integrated Concept 
meets the BAA goal of full mission performance through at least SS 4 at all headings.  
This conclusion is based on the approach of checking the four sea states against the 
limiting significant wave height curves computed by VERES for each mission and wave 
heading. 

In addition, all missions have average Annual PTO ≥ 80% over a North Sea 
distribution of sea states as computed by VERES.  This alternative operability measure is 
more comprehensive because it covers as wider range of sea states, and still indicates 
good seakeeping performance. 

The relatively benign roll and pitch motions exhibited by the HSSL SWATH at zero 
speed through at least SS 4 should facilitate the realization of any at-sea cargo transfer 
concept.  Further simulation and testing that includes two connected ships is clearly 
necessary to fully address the problem. 

It was anticipated that wet deck slamming under the cross structure might be a 
concern for the SWATH concept; however, neither wet deck slamming nor keel 
slamming was seen until Sea State 6 or higher.  This confirms that the assumed wet deck 
to still water clearance of 5 meters should be adequate. 

2. Comparison of motions predictions for Baseline BIW-SWATH: VERES, 
AEGIR and CFDShip. VERES, AEGIR and CFDShip calculations were performed for 
motions in regular waves at head seas for a range of wavelengths for code comparison. 
Figures 4.15 and 4.16 show the comparison of the heave and pitch RAOS, respectively, at 
Fr=0.54 over a range of wavelengths for both medium (λ/2a=60) and low amplitude 
waves (λ/2a=120). CFDShip gives a good prediction of the main trends. The heave RAO 
here is defined as the ratio between the heave amplitude and the incoming wave 
amplitude, and the pitch RAO is defined here as the ratio between the pitch (in radians) 
and the wave steepness. The maximum response occurs at λ/L= 1.75. Both the pitch and 
the heave response at the medium amplitude waves are higher than response at low 
amplitude waves for λ/L= 1.5. This trend is reversed for λ/L= 1.75, and 2 as shown by 
both CFD and EFD. AEGIR-based pitch and heave RAOs are identical for both the low 
and high amplitude waves, and this is expected since AEGIR is a linear seakeeping code. 
As with CFDShip, AEGIR gives a good prediction of the main trends and agrees well 
with the small amplitude waves at h/λ= 1/120.  AEGIR does not capture the apparent 
nonlinear effects at the larger wave amplitude, so it would be interesting to revisit this 
data with the nonlinear version of AEGIR that is under development. 

AEGIR did encounter some difficulties at the longer wavelengths above λ/L= 1.75.  
At λ/L= 3.2 for instance, while heave agrees with the small amplitude experiment, pitch 
is overpredicted.  This pitch over-prediction problem was corrected in a recent version of 
AEGIR that was used for the Delft validation case, and this might also help with future 
SWATH results. 
 



 

46 
 

A second issue with the AEGIR results occurred at λ/L= 2.0 where a very large 
response was predicted.  The predicted response was so large that it immediately seemed 
unphysical.  The initial thought was that this was an underdamped solution due to the 
absence of viscous effects near resonance.  An arbitrary, physically large amount of 
damping was applied to the equations of motion in order to test sensitivity.  While the 
artificially high peak was reduced to reasonable levels, the rest of the predictions away 
from the problem wavelength were reduced too much.   AEGIR agrees well with small 
amplitude experiments everywhere except near λ/L= 2.0, so viscous damping in heave 
and pitch may not be critically important for this particular SWATH.   The problem at 
λ/L= 2.0 is likely to be a numerical artifact that will need to be examined even though it 
seems so narrowbanded that it may not be a problem in practical seakeeping predictions.  
Further work should be conducted to eliminate this artifact and to pin down exactly what 
role viscous damping might play for this type of hull. 

A third issue pertained to simulations at all encounter periods.  AEGIR allows the 
user to specify a simulation “ramp startup” time window during which both the ship 
speed and incident wave elevation are increased from zero to the desired values.  Initial 
runs were made using an arbitrarily selected full scale ramp startup time of 10 seconds.  
Both heave and pitch responses for this startup time exhibited large amplitude variations 
after the ramp window that suggested a slowly decaying transient response.  In order to 
achieve an essentially steady state oscillation in the heave or pitch simulations for 
comparison to experiment without using inordinately long total run times, the full scale 
ramp startup time had to be increased from the initial value of 10 seconds.  Ultimately a 
value of 150 seconds was used for all runs, ensuring convergence to steady state for the 
longest wavelength tested (λ/L= 3.2).  Total simulation times including the 150 second 
ramp startup were usually set at 300 or 400 seconds.  At model scale, this corresponds to 
a ramp startup time of about 20 seconds followed by a constant speed run time of 20 to 
30 seconds; in the actual tests, the model was brought from zero to test speed in about 6 
seconds followed by 20 seconds of data collection.   

It is important to note that this ramp startup time is not a numerical artifact or isolated 
to potential flow models.  It is a universal effect of the transient wave flow around this 
type of ship.  The need for a sufficiently long ramp startup time to avoid slowly decaying 
transients is a physical requirement rather than a shortcoming of AEGIR, and has been 
encountered before in AEGIR analysis of an offshore platform having a very long 
resonant period. All CFD simulations should examine this issue and ensure that long 
period, slowly decaying transients are not contaminating the solution. 
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Figure 4.15. Heave Rao 
 

 
 

Figure 4.16. Pitch RAOs 
 
 

3. Comparison of motions and loads predictions for NORCAT: VERES and 
AEGIR. A study was performed as part of the HSSL project to correlate the Aegir and 
VERES programs with model test data for a flexible high-speed catamaran model in 
regular waves. The model tests are described in (Hermundstad et. al. 1999) and 
(Hermundstad 1995).   Motion predictions from both VERES and Aegir have already 
been correlated with several sets of model test data, but there has not yet been any 
correlation performed for global loads under the HSSL project.  Global loads 
measurements were taken at two speeds (Fn=0.47 and Fn=0.63) and three headings (head 
seas, bow quartering seas, and beam seas) for the flexible catamaran examined here, and 
it was thought that this would be a good data set for the correlation of global loads 
predictions.  The correlation has been performed only for the Fn=0.63, head seas 
condition.  Figure 4.17 shows the body plan of the model, and Figure 4.18 shows an 
outline of the model indicating how the model was segmented and the locations of the 
hinges. 
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Figure 4.17  Body Plan of Catamaran Model. 

 
Figure 4.18.   Model segmentation and hinge locations.  Reproduced from (Hermundstad 

et. al. 1999) 
 

Longitudinally the model was divided into three segments.  The vertical shear force 
(VSF) and vertical bending moment (VBM) were measured at the hinges between these 
segments.  In this study only head seas were examined, so there is no comparison made 
for the loads measured at the transverse hinges.   

A disadvantage of this model test is that it was set up to study hydroelasticity, and it 
was therefore made to be more flexible than a tradition segmented loads model, as 
indicated from the following excerpt from (Hermundstad et. al. 1999): 
“A so-called hinged model is used, where each hull consists of three separate rigid 
segments that are connected by slender steel beams (“elastic hinges”). The two hulls are 
connected through three such elastic hinges; one at the center of each hull segment; [see 
Fig. 2].  The hinges are rather flexible, so that hydroelastic effects are exaggerated 
compared to realistic cases.” 

Hermundstad (1995) states that the longitudinal hinges were stiffer than the 
transverse hinges.  Both the Aegir and VERES calculations were preformed assuming the 
model to be completely rigid. 

Figure 4.19 shows the correlation for the heave response and Figure 4.20 shows the 
correlation for the pitch response.  Both VERES and Aegir predict a peak heave response 
around ω(L/g)1/2 =2.6, which corresponds to λ/L=1.0.  The VERES predicted peak is 
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sharper and slightly higher compared with the Aegir predictions.  Both codes predict a 
peak response of about ξ3/A=1.0, which is low compared to the peak response predicted 
by both codes for the Delft Model 372 catamaran and the BIW-A catamaran.  The model 
tests for the flexible catamaran indicate that the peak response is larger and at a frequency 
around ω(L/g)1/2 =2.0, which corresponds to λ/L=1.7.  It is doubtful that the model is 
flexible enough for the flexibility to have a significant influence on the heave response.  
In general, the agreement of both the Aegir and VERES predictions with the model test 
measurements for the heave response is not nearly as good for this case, compared with 
the agreement seen for Delft Model 372.  The agreement between the Aegir predictions 
and the model tests for the pitch response is quite good, while VERES over-predicts the 
pitch response. 

Figures 4.21 and 4.22 show the correlation for the vertical shear force measured at the 
forward and aft hinges respectively.  Figures 4.23 and 4.24 show the correlation for the 
vertical bending moment at the forward and aft hinges respectively.   For both VSF and 
VBM, Aegir and VERES agree relatively well with each other.  The model test 
measurements show a spike in both VSF and VBM near ω(L/g)1/2 =4.0 at both hinges.  
These spikes are not seen in the VERES and Aegir predictions.    With the exception of 
not capturing the spike in VSF and VBM near ω(L/g)1/2 =4.0, the predictions from both 
codes agree fairly well with the model test predictions at the higher frequencies, ω(L/g)1/2 
>4.0,  and at the lower frequencies ω(L/g)1/2 < 2.  For non-dimensional frequencies in the 
range: 2.5 < ω(L/g)1/2 < 3.5, both VERES and Aegir over-predict VSF and VBM for this 
case. 

Figures 4.25 and 4.26 show longitudinal distribution of VSF and VBM at a non-
dimensional frequency,  ω(L/g)1/2, of 2.8, which corresponds to λ/L=0.87.  The model 
test measured VSF and VBM only at the two hinge locations, so only the VERES and 
Aegir results are shown in the figure.  The agreement between the two predictions is good 
for both VSF and VBM.     

The flexibility of the model may have a significant effect on the vertical shear force 
and vertical bending moment measured at the hinges, even though the natural frequencies 
corresponding to the dry eigenmodes in longitudinal bending are high relative to the 
wave frequencies examined.   The non-dimensional eigenfrequencies are:  
ω(L/g)1/2 =17.1 (corresponding to λ/L=0.023) for 2-node longitudinal bending (ie. model 
flexes like a “U”) and ω(L/g)1/2 =42.6 (corresponding to λ/L=0.00375) for 3-node 
longitudinal bending (ie. model flexes like an “N”).    Hermundstad et. al. (1999) showed 
predictions with both a “rigid body” strip theory and a “flexible hull” strip theory for this 
model in head seas at Fn=0.47.  His results are reproduced in Figure 4.27.  It can be seen 
that the “rigid body” theory does not show a spike in VSF or VBM near ω(L/g)1/2 =4.0, 
while the theories that include the flexibility of the structure do capture the spike in VSF 
or VBM.  The model tests also indicate a spike in VSF and VBM near ω(L/g)1/2 =4.0. 

In the current analysis, both Aegir and VERES assumed that the catamaran model 
was completely rigid.  Both Aegir and VERES could potentially model the flexibility of 
the model, although there was not sufficient time to do this as part of the current project.  
The “generalized modes” option in AEGIR could potentially be used to simulate the 
flexible catamaran.  This has been demonstrated for three coupled barges with pivot 
connections for the INLS project and pivot connections have also been modeled in Aegir 
for an Articulated Stable Offshore Platform concept.  The Rhino3D model of the 
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catamaran model would be split into three segments, with either “bulkheads” added to 
close off the hull where the model is split at the hinges, or some additional code added to 
Aegir to handle the open bodies.  Care would need to be taken so that the hydrodynamics 
of the “bulkheads” are not included.  Aegir already includes an option for including a 
linear spring-damper coupling between two bodies.   Hermundstad (1995) provides 
measured damping ratios for the longitudinal vibrations, which he obtained by 
suspending the model from springs, knocking it with a hammer to excite different modes 
of vibration, and then measuring the rate of decay.  He also provides the cross section 
shape and detailed dimensions of the thin steal beams that form the elastic hinges, but he 
does not provide actual spring coefficients, so these would need to be computed.   

VERES also has the ability to specify a “flexible mode file” when computing the 
modal response of a catamaran.  However, there is no documentation in the user’s manual 
concerning the format of this file and what it does.  Further documentation has been 
requested from Marintek concerning this option. 
 
 

 
Figure 4.19.  Heave response, Head Seas, Fn=0.63 

Heave Response of Norwegian FlexCat, Head Seas, Fn=0.63
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Figure 4.20.  Pitch response, Head Seas, Fn=0.63 

 

 
Figure 4.21. Vertical shear force at forward hinge, Fn=0.63, Head Seas. 
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Figure 4.22. Vertical shear force at aft hinge, Fn=0.63, Head Seas. 

 

 
Figure 4.23. Vertical bending moment at forward hinge, Fn=0.63, Head Seas. 
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Figure 4.24. Vertical bending moment at aft hinge, Fn=0.63, Head Seas. 

 

 
Figure 4.25.  Longitudinal distribution of vertical shear force, Fn=0.63, head seas 

λ/L=0.87. 
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Figure 4.26  Longitudinal distribution of vertical bending moment, Fn=0.63, Head Seas 
λ/L=0.87. 
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Figure 4.27.  Comparison of a rigid model theory with a flexible model theory for the 
flexible catamaran, Fn=0.47, head seas.  This figure was reproduced from Figure 5, 

(Hermundstad et. al. 1999). 
 
 

D. RNN training for Maneuvering. A useful hydrodynamic tool evaluated under the 
High-Speed Sealift (HSSL) program is a recursive neural network (RNN) simulation.  
This is a computational technique for developing time-dependent nonlinear equation 
systems that relate input control variables to output state variables.  A recursive network 
is one that employs feedback; namely, the information stream issuing from the outputs is 
redirected to form additional inputs to the network.  An RNN can be trained to provide a 
faster-than-real-time nonlinear time-domain simulation of a surface vessel responding to 
control-effected and environmental forcing.  The availability of such a model not only 
demonstrates a simulation capability, but also permits predictive and model reference 
control approaches to be explored.  The use of neural networks as a nonlinear time 
domain simulation tool for the real-time prediction of surface ship maneuvers has grown 
in recent years to include several products that can be exploited as needs dictate. 

The first product, and the only one considered in detail here, is an RNN Ship Motion 
Simulation, in which unsteady CFD runs or experimental data are used to train the 
simulation, which can then be used to predict vehicle motions & trajectories.  As shown 
in Fig. 4.28, forces and moments acting on the vehicle at time t are input into the RNN.  
The network is then trained to predict vehicle motion at time tt Δ+  using experimental or 
computational training data.  The input forces and moments are developed using control 
inputs as well as output state predictions from the previous time step (or initial conditions 
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for the first time step).  Thus, to use the trained network, one must only provide control 
time histories and initial conditions.  Note that the force modules represent a series of 
equations designed to pose the problem well for the network by trying to capture the key 
forces and moments that are driving the motion.  The equations need not be exceedingly 
precise; instead, one exploits the power of the network to find a solution between the 
inputs (forces and moments) and the outputs (vehicle motion) for a well-posed problem. 

Fig. 4.28.  RNN simulation with component force modules and environmental input 
modules. 

Some of the forces and moments that form the inputs to the RNN may themselves be 
defined by feedforward neural networks (FFNN).  This is a second computational 
product.  Namely, one may utilize a limited number of CFD runs or experimental data to 
train a Feedforward Neural Network, which can then be used to predict forces and 
moments for steady input conditions similar to those in the training data.  This is 
equivalent to the kind of results obtained from captive model testing.  A third neural 
network product is a Real-Time Non-Linear Simulation (RNS) Design Tool.  The idea 
here is that often the case exists that experimental or computational data exists for a 
baseline vehicle case, and one wishes to explore how design changes to the baseline 
vehicle affect maneuvering.  An RNN Ship Motion Simulation (product 1) is developed 
for the baseline vehicle, which learns how to translate input force and moments into 
vehicle motion.  Then, using a matrix of steady CFD simulations, one determines how the 
design change alters the input forces and moments acting on the redesigned vehicle.  An 
FFNN (product 2) can then be used to learn the impact of the design change on forces 
and moments.  This information is now input into the RNN Ship Motion Simulation 
(without the need for retraining) and the result is predictions of trajectories and attitude 
for the redesigned vehicle.  This combined product has been demonstrated previously 
(Faller, et al., 2005, 2006).Returning to the primary computational product, the RNN 
Ship Motion Simulation was shown (Hess and Faller, 2000) to be able to predict tactical 
circle and horizontal overshoot maneuvers of full scale Navy supply ships (AOE6 and 
LSD50) with errors less than 5% for speed, trajectory components and heading.  These 
maneuvers were conducted at sea primarily in calm water with wind.  However, at that 
time, no wind model was available to the simulation, and errors resulted for some 
maneuvers.  The simulation was greatly improved with the addition of wind forcing 
inputs (Hess, et al., 2006a) demonstrating that maneuvers that were previously poorly 
predicted in the absence of wind information were now simulated accurately.  An 
example is given in Figure 4.29. 
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Fig. 4.29.  Predictions before and after the addition of a wind module for identical 
overshoot maneuvers. 

For the HSSL program, no specific HSSL experimental data could be identified or 
developed computationally in time to meet program milestones in a timely manner.  
Instead, the decision was made at an early stage to demonstrate neural network 
capabilities using existing surface ship model data (model 5514) for a pre-contract 
Arleigh Burke class destroyer with the improved ship simulation.  This model is a free- 
running version of the classic 5415 model and was operated at 1/46.6 scale which 
corresponds to a length of 10 ft.  Maneuvers were conducted in the MASK Basin at 
NSWCCD in calm water (circles and overshoots) and in extreme regular waves, sea state 
7 & 8 (controlled heading runs).  Six degree-of-freedom time domain measurements 
using an inertial navigation system and a laser tracking system were used to document the 
vehicle motion. 

A significant feature of the simulation results is that they are time-domain predictions 
vis a vis computations in the frequency domain.  Furthermore, all simulations were run 
open-loop using the measured propeller RPM and rudder deflection angles as the control 
inputs.  As such, there is no compensation for simulation error via a feedback controller 
driving the simulation predictions to match the measured trajectory.  The simulation is 
simply given the open-loop control time-histories and asked to predict the complete time 
history of the ship motion in waves.  This is a much more difficult task than when an 
automatic control system is used to drive the simulation.  In general, the only way to truly 
test the fidelity of a simulation is to run the simulation open-loop using measured control 
inputs and to then compare the resultant predictions directly to the measured response of 
the physical system as was done here. 

Figures 4.30a and 4.30b show representative results for two zig-zag maneuvers.  
Figure 4.30a illustrates the results for a training case that was used in the development of 
the simulation, and Fig. 4.30b depicts a novel or validation case.  Novel cases correspond 
to measured data sets, which were not used to train the network.  Therefore, the RNN has 
no a priori knowledge of these maneuvers, and they can therefore be used to judge how 
well the final simulation generalizes to novel conditions.  In all cases, the commanded 
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control inputs and initial conditions are the only inputs to the simulation and the RNS 
predicts the ship trajectory, speed, roll, pitch, and heading.  These predicted values are 
then compared directly to the measured data in order to determine the simulation fidelity.  
In all plots, the values have been Froude scaled from model scale to full- scale values and 
the abscissa is time. The two upper plots are the measured propeller RPM and rudder 
deflection angle which reflect the corresponding commanded control inputs to the ship.  
The next plots, in all cases, are speed, roll, pitch, heading and trajectory components, x 
vs. y.  In all graphs the measured data are shown in black, and the RNS predictions in red. 

For the zig-zag maneuvers, Figs. 4.30a and 4.30b, and circles, not shown, the 
simulation yields accurate results for all variables.  Speed, roll, and pitch are predicted 
very accurately with only small errors in predicted amplitude that do not impact the 
overall simulation results.  The small errors in predicted amplitude for heading, however, 
do introduce a small error over time in the plotted trajectory of the ship as depicted in 
Figs.  4.30a and 4.30b.  Overall, the RNN Ship Motion Simulation is an effective method 
for simulating both zigzag and circle maneuvers in calm water. The simulation also 
produced results for controlled heading maneuvers in extreme regular waves, sea state 7 
& 8, typical of those generated by hurricanes (Hess, et al., 2006b).  Those results showed 
that the simulation captured the peak-to-peak amplitudes in roll, pitch and heading as 
well as the peak roll and peak pitch amplitudes leading up to ship capsizing.  While these 
results are very encouraging, significant work remains to improve the formulation of the 
wave forcing functions and the determination of phase. 

Summarizing, the RNN Ship Motion Simulation has been developed to predict the 
time histories of maneuvering variables of surface ships.  The current state of the 
simulation is that it provides excellent predictions of tactical circle and horizontal 
overshoot maneuvers for full scale vessels with & without wind at sea and for free-
running models in calm water.  Results have been presented which demonstrate this.  
Hull forces and moments are predicted using FFNNs along with additional explicit F/M 
modules for thrust, lift and restoring moments.  A wind input force module has been 
added and has been shown to fix prior poor overshoot predictions.  Initial wave force and 
moment formulations have been developed. 
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Fig. 4.30a. Overshoot training file 181; 
black – neasurements, red – RNN 

Fig. 4.30b. Overshoot validation file 172; 
black – measurements, red – RNN 
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The RNN simulation approach participated in an ONR Maneuvering Simulation 
Challenge in 2002 where several participants from Government and private organizations 
provided blind predictions of the maneuvering behavior of a Radio-Controlled Model 
(RCM) submarine (Hess and Faller, 2002).  For the 34 blind maneuvers that were 
predicted the RNN simulation effort received 32 Good grades and 2 grades of Fair.  This 
was the highest total score obtained by any participant for the blind predictions.  A 
similar opportunity will be afforded by the Simman 2008 Workshop on Verification and 
Validation of Ship Maneuvering Simulation Methods to be held in Copenhagen Denmark 
on April 14-16, 2008.  As a nonlinear system identification type of method, the RNN 
simulation approach will be entered into the Systems-Based category.  The simulation 
will use captive model data to train feedforward NNs to predict hull forces and moments, 
and free-running data to train the RNN simulation.  Then, blind predictions will be made 
for two tanker hull forms.  These are calm water predictions.  Established methods exist 
to obtain a measure of model uncertainty as well as the degree to which uncertainty 
present in the inputs propagates through the RNN and into the outputs.  Uncertainty 
specifications will be provided. 

 
E. Load Transfer From T-Akr300 To T-Ak 3008. 

 
1. AEGIR. In order to validate Aegir for cases where two ships are present and the 

ships are operating in a configuration where a ramp or crane could be used to transfer 
cargo between the two ships, a set of Aegir runs were performed to compare with model 
test data for this type of configuration.  This validation was performed as part of an 
ongoing ONR project being supported by Paul Hess and Kelly Cooper to validate several 
computational tools for the analysis of Seabasing applications.   

Model tests of two ships in close proximity were performed in the seakeeping basin 
of the Maritime Research Institute, Netherlands (MARIN).  The models were of the 
Military Sealift Command (MSC) ship the USNS Bob Hope (T-AKR 300) and the Lt 
Bobo (T-AK 3008) owned by Amsea Inc. and leased by MSC.  The models were free to 
pitch and heave and constrained in all other modes.  Sensors on the models measured 
surge and sway forces and roll and yaw moments.  There were no fenders or mooring 
lines present during the model tests.  The models were tested with three different 
separations distances: 3, 16.5 and 33 meters full-scale and four different full-scale speeds: 
0, 5, 10 and 16 knots.  Regular waves were generated at six different frequencies and 
multiple ship-to-wave headings ranging from head seas to following seas were tested.  
The ship-to-wave headings are such that each model is tested on the weather side of the 
configuration.  The model test configuration is shown in Figure 4.31. 
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FIGURE 4.31.  Picture of the model test setup 
 

The correlation between the Aegir simulations and the model test results have been 
completed for the case were the ships are separated by 3 meters and have zero forward 
speed.  Two headings have been compared so far: head seas and 135°, bow quartering 
seas with the Lt. Bobo on the leeward side.  Other combinations of forward speed, 
separation distance, and wave heading will be examined as part of the ongoing 
correlation effort.  Figure 4.32 shows the computational grid that was used for the Aegir 
simulations.  Figure 4.33 shows the radiated and diffracted waves at a snapshot in time 
200 seconds after the start of the simulation for the bow quartering seas case with a wave 
frequency of 0.7 seconds.  The Aegir simulations were run for 200 seconds full-scale.   

Figure 4.34 through 4.39 compare the Aegir simulations to both the MARIN test data 
and the results from WAMIT for the bow quartering seas case.   Figures 4.40 through 
4.45 compare the Aegir simulations with both the MARIN test data and WAMIT for the 
head seas case. The full-scale length of the Bob Hope is 269.5m, and full-scale length of 
the Lt. Bobo is 187.3m.  On the figures the Bob Hope is indicated by the letter “L” for 
larger ship and the Lt. Bob is indicated by the letter “S” for smaller ship.  Comparisons 
are shown for the heave and pitch motion of each vessel and the forces and moments 
measured for the other modes.  Comparisons are also made for the phase for each degree 
of freedom.  For this problem the prediction of phase is very important, as the relative 
motion between the two ships must be predicted well, in order to model the motions and 
loads on a ramp which will carry cargo from one ship to the other.  Overall Aegir 
correlates well with WAMIT and the MARIN data.   
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Figure 4.32. Computational grid used for the Aegir simulations 

 
 

 
Figure 4.33. Radiated and diffracted waves for bow quartering seas case, 3m separation 

distance, wave frequency of 0.7 rad/sec. 
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Figure 4.34. Heave motion and phase correlation for Bob Hope (L) and Lt. Bobo (S), 3m 

separation distance, bow quartering waves 
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Figure 4.35. Pitch motion and phase correlation for Bob Hope (L) and Lt. Bobo (S), 3m 

separation distance, bow quartering waves. 
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Figure 4.36. Surge force and phase correlation for Bob Hope (L) and Lt. Bobo (S), 3m 

separation distance, bow quartering waves. 
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Figure 4.37. Sway force and phase correlation for Bob Hope (L) and Lt. Bobo (S), 3m 

separation distance, bow quartering waves. 
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Figure 4.38.  Roll moment and phase correlation for Bob Hope (L) and Lt. Bobo (S), 3m 

separation distance, bow quartering waves. 
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Figure 4.39. Yaw moment and phase correlation for Bob Hope (L) and Lt. Bobo (S), 3m 

separation distance, bow quartering waves. 
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Figure 4.40. Heave motion and phase correlation for Bob Hope (L) and Lt. Bobo (S), 3m 

separation distance, head waves 
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Figure 4.41. Pitch motion and phase correlation for Bob Hope (L) and Lt. Bobo (S), 3m 

separation distance, head waves. 
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Figure 4.42. Surge force and phase correlation for Bob Hope (L) and Lt. Bobo (S), 3m 

separation distance, head waves. 
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Figure 4.43. Sway force and phase correlation for Bob Hope (L) and Lt. Bobo (S), 3m 

separation distance, head waves. 
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Figure 4.44.  Roll moment and phase correlation for Bob Hope (L) and Lt. Bobo (S), 3m 

separation distance, head waves. 
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Figure 4.45. Yaw moment and phase correlation for Bob Hope (L) and Lt. Bobo (S), 3m 

separation distance, head waves. 
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2.  CFDShip. CFDShip was used to simulate cases where two ships are operating in a 
configuration where cargo may be transferred between two ships. The vessels simulated 
were those detailed in Section 4.5.1. The simulations that have been completed correlate 
to the conditions where the ships are separated by 3 meters and have 5 knots forward 
speed.  The wave conditions simulated were for 135° bow quartering seas with the Lt. 
Bobo on the leeward side with wave frequencies of 0.5, 0.6 and 0.7 rad/s. Fig. 4.46 and 
4.47 show the pitch and heave motion for both vessels. Detailed results of phase 
correlation, RAO of forces and moments will be presented as soon as they are available. 

 

 
Fig. 4.46: Pitch motion for Bob Hope and Lt. Bobo, 3 m separation, 5 kts. forward speed, 

bow quartering waves. 

 
Fig. 4.47: Heave motion for Bob Hope and Lt. Bobo, 3 m separation, 5 kts. forward 

speed, bow quartering waves. 
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5. COMPUTATIONAL SHAPE OPTIMIZATION 
 

Computational shape optimization was carried out through parallel design 
optimization using TSD, AEGIR and CFDShip-Iowa based on the optimization 
opportunities identified from Phase I. The BIW-A hull form was optimized using AEGIR 
and the optimized hull form was model tested. The BIW-SWATH was optimized in 
parallel using TSD, AEGIR and CFDShip-Iowa using different optimization strategies 
and were cross verified using the different codes to check for consistency. The CFDShip-
Iowa optimized SWATH was then selected for model testing. 
 
A. Optimization opportunities identified from Phase I (BIW). The data from the first 
round of model testing clearly showed that the conventional design approach for 
multihulls resulted in substantial interference drag, as can be seen in Figures 5.1 and 5.2 
for the initial catamaran and trimaran designs. Here the interference factor for full scale, 
defined by the SHP Ratio, is about 1.4 for the catamaran and 1.8 for the trimaran. 
 

 
Figure 5.1.Catamaran interference drag 

CATAMARAN INTERFERENCE DRAGCATAMARAN INTERFERENCE DRAG
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Fig 5.2. Trimaran interference drag 

 
These two multihulls were synthesized from a low-drag high-speed slender stabilized 

monohull design. The usual approach to minimize multihull interference drag is to 
increase hull spacing.  In the HSSL project, where concept design overall length was 
considerably greater than that of existing catamarans, the challenge of drag reduction by 
optimal hull form shaping was chosen to avoid excessive breadth. 
 

B. Multi-fidelity approach for hull form optimization. Phase II involved the 
parallel development of design optimization using TSD, AEGIR and CFDShip-Iowa. 
TSD and AEGIR based optimization was applied to BIW catamaran and SWATH 
showing a 10% reduction in measured total drag for BIW cat. TSD, AEGIR and 
CFDShip based optimization was carried out for the SWATH catamaran. Comparison of 
the results showed that viscous phenomena dominate SWATH optimization and hence 
necessitated a URANS solver for the optimization. CFDShip-Iowa predicted about 8% 
total drag reduction at full scale.  The following provides a brief summary of approach 
for the different optimization methods. 
 

• TSD based optimization: 
– Down-hill Simplex, Simulated Annealing and PSO 
– Cost function: zero order drag and wave profile 
– Constraints: displacement, beam, transom area and aft-facing panels 
– Legendre polynomial variations for demi-hull thickness and meanline  
– Number of design variables: 23 
– Applied to BIW catamaran and SWATH hulls 

• AEGIR based optimization: 
– Steepest descent gradient-based scheme 
– Cost function: wave resistance 
– Constraints: displacement and maximum beam 
– B-spline variations for demi-hull thickness and meanline  
– Number of design variables: variable, up to 19 active 

TRIMARAN INTERFERENCE DRAGTRIMARAN INTERFERENCE DRAG
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– Direct morphing of underlying CAD geometry 
– Applied to BIW catamaran and SWATH hulls 

• CFDShip based optimization: 
– Genetic algorithm 
– Cost function: total resistance 
– Constraints: displacement and maximum beam 
– Cubic spline variations for inboard/outboard demi-hull half-thickness 
– Number of design variables: 5 
– Applied to BIW SWATH hull 

 
1. Design optimization of baseline BIW-SWATH using TSD. In the optimizations 

performed using TSDOPT, a relatively large number of optimization variables were 
allowed.  This was in an attempt to find an optimum hull form that is independent of the 
optimization variables.  A consequence of allowing a larger number of variables is that 
the optimization process converges more slowly.  TSDOPT was expanded in Phase II to 
allow the use of three optimization algorithms.  These three algorithms are then applied 
to a test case to compare convergence behavior. 

The optimizaton algorithms are called Amoeba, Powell, and Swarm.  Amoeba is the 
down-hill simplex method of Nelder and Mead (1965) with the addition of simulated 
annealing (Press et al, 1992).  This is the method that has been used most often with TSD 
and produced the results seen in Phase I.  Powell is a common direction set method given 
by Acton (1970).  For Powell, TSDOPT also uses the implementation in Press et al 
(1992).  Swarm is a particle-swarm optimization technique (Kennedy and Eberhart, 
1995).  These techniques are discussed by Pomeroy (2003).  The implementation used in 
TSDOPT is based on Pomeroy (2003). 

For a test case, the BIW HSSL-Swath baseline was taken as a test case.  The 
optimization variables are coefficients of Legendre polynomials used to vary the 
thickness and camber of the hulls.  The two hulls are constrained to remain mirror images 
of each other.  The objective function is total resistance at full scale with additional terms 
added for  

• amplitude of the near-field waves,  
• panels with large aft-facing normals, 
• total beam in excess of constrain, 
• displacement less than baseline. 

The result is an unconstrained optimization problem. 
Figure 5.3 shows the convergence of these three convergence algorithms for the 

sample problem considered here.  The optimization variables are coefficients of 
polynomials that vary the hull form.  Note that the vertical scale is logarithmic and the 
horizontal scale shows the number of evaluation of the objective function.  The jumps in 
objective value are locations where the optimization is restarted. 
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Figure 5.3.  Convergence of three optimization algorithms. 

 
Amoeba and Swarm both have a random element added that allows them to move 

over areas of the objective space that are nearly flat and may have “numerical” local 
minima.  In these same conditions, Powell may get stuck. 

Swarm has a number of parameters that could be varied that might change the 
convergence for a particular problem (initial step size, number of particles, maximum 
velocity, weighting of personal best and neighborhood best, and others).  Very few have 
been investigated here.  Some of these factors and their influence on convergence are 
discussed by Wilke (2005). 
 Amoeba, on the other hand, has only a few parameters (initial simplex size, initial 
“temperature”, and cooling schedule) and Powell has only one parameter (initial step 
size) and seems to get stuck quite early.  Restarting Powell does not help for this case and 
step size. 
 

2.  Design optimization of baseline BIW-A and BIW-SWATH using AEGIR. This 
section describes hull form optimization completed by Applied Physical Sciences 
Corporation (APS) for Bath Iron Works (BIW) as part of the ONR HSSL Part A project 
on Concept Development (BIW, 2006). This work was summarized previously in APS 
technical reports prepared for BIW and in the BIW Phase II final report provided to 
ONR.   

We implemented an optimization procedure to minimize the wave-making resistance 
of catamarans after computations, made as part of the HSSL Part B Phase I program, 
indicated that the resistance of a catamaran was considerably more than twice the 
resistance of a single demi-hull.  The BIW team believed that the additional interference 
drag was due largely to wave interactions between the demi-hulls, and that it was 
possible to eliminate or significantly reduce the interference drag by reshaping the hulls.  
Our optimization procedure reduces wave-making resistance by modifying the 
longitudinal distributions of the sectional area and meanline offset of the demi-hull from 
the vessel centerline.  We applied this procedure to redesign the demi-hulls for two 
different configurations: the BIW A catamaran and the baseline NSWCCD SWATH. 
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The rest of this section summarizes our optimization procedure, presents results for 
the two hulls that we redesigned using the procedure and identifies conclusions based on 
these efforts. Our optimization algorithm, summarized in Figure 5.4, is a gradient method 
that was developed through discussions between APS and BIW [Cary, 2006].  Starting 
with a known demi-hull form with a specified length, offset from vessel centerline, 
volume of displacement, and sectional area distribution, new hull shapes are created by 
scaling the transverse coordinates and adding a position-dependent translation to the 
transverse offset between the vessel centerline and the demi-hull meanline.  At each stage 
in the procedure, design variable sensitivities, which relate the change in wave resistance 
to small changes in the design variables, are computed numerically by perturbing the hull 
geometry.  After the sensitivities are computed, the scaling and offset functions are 
updated and then applied to the original CAD representation of the hull to create the 
modified geometry.  The process is then repeated until a converged geometry is obtained 
for the optimized hull form. 
 

 
Figure 5.4.:  Overview of hull form optimization scheme to reduce the wave-making 
resistance of a catamaran. 
 

We use wave resistance as the cost function in the optimization procedure.  It is 
computed using the steady version of AEGIR with a linear free surface boundary 
condition (FSBC). The computational model is fixed at the static waterline for the cost 
function and design sensitivity evaluations to reduce the computational expense with the 
assumption that the trends are captured correctly.  However, all of our final predictions 
include dynamic sinkage and trim as the wave resistance of a high speed hull depends on 
the orientation of the hull.  

We use B-spline curves to represent the transverse-scaling and meanline-offset 
functions that are used to modify the hull geometry.  The curve control points are the 
design variables.  Design variable sensitivities are computed numerically by perturbing 
the control points for each of the splines one at a time, modifying the hull geometry and 
then computing wave resistance with AEGIR.  After all of the sensitivities are evaluated, 
the two scaling functions are updated and applied to the baseline hull to generate a new 
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shape.  The update is under-relaxed to prevent oscillations.  We used an under-relaxation 
parameter of 0.1 for the transverse scaling function and of 0.5 for the meanline-offset 
function.  Figure  shows a sample B-spline curve used as the scaling function for the 
sectional area distribution.  The points in the figure represent the control points for the B-
spline curve (design variables), the red line represents the initial value for the spline 
curve and the blue curve represents the actual scaling function.  Only the curve endpoints 
pass through the control points since the scaling function is represented by an open B-
spline curve.  In regions where the blue curve is higher than the red curve, the beam of 
the demi-hull is increased.  In regions where it is lower than the red curve, the beam is 
decreased.  In this example using the BIW catamaran, the sectional area is increased at 
the bow, decreased amidships and increased near the stern to reduce wave resistance.  
The modified hull actually has more sectional area than the baseline hull near the stern 
because a uniform scaling was applied on top of the transverse scaling function to 
preserve the displacement of the hull. 
 

 
Figure 5.5. Example of the sectional area scaling function used in the optimization 

procedure. 
 
This procedure is repeated using the modified hull form until convergence is reached. 
 

 
Figure 5.6.:  Surface and control points for a typical CAD surface used in an AEGIR 
simulation.  (a) Surface morphed by pulling on a single control point; (b) Surface 
morphed by pulling on a group of control points. 
 

The hull geometry is modeled by a collection of tensor product B-spline surfaces in 
our numerical simulations with AEGIR.  Trimmed B-spline surfaces, which are defined 
by a set of control points (vertices), two sets of independent parameter values and a set of 
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trimming curves, are a standard approach for representing complex surfaces in the 
Computer Aided Design (CAD) industry and provide us with the capability to easily and 
accurately modify the geometry during the optimization process.  All changes are applied 
directly to the actual underlying geometry instead of a discrete representation of the 
geometry.  The surfaces can be manipulated during the optimization process by moving a 
single control point or groups of control points as shown in Figure 5.6.  We prefer to 
modify groups of points instead of single points for two reasons.  First, a hull is often 
represented by a large number of surfaces, and each surface is typically represented by a 
large number of control points.  For example, the total number of control points for the 
SWATH CAD model is on the order of thousands.  This is an excessively large number 
of degrees of freedom for the optimization.  Secondly, small changes to a group of 
control points typically lead to a fair surface, whereas even a small change to a single 
control point can create a hump or hollow in the surface which ultimately causes the flow 
to separate.   One of the potential benefits of the spline-based modeling approach is that 
CAD surfaces generated by the optimization are fair, and are suitable for additional 
analysis or model construction without requiring extensive re-work, provided that the 
CAD geometry for the original geometry is fair. During development of optimized 
SWATH by the BIW team, we also used the Aegir geometry module to quickly generate 
CAD files for the NSWC-optimized and Iowa-optimized hulls.  The CAD file for the 
Iowa-optimized SWATH was ultimately used in the construction of the 20 ft tank model.   
Figure 5.7 shows a comparison between surfaces obtained by fitting a new surface to an 
array of surface points from a CFD mesh and the surface obtained by morphing the 
original CAD geometry.  One issue with the geometry obtained by interpolating the 
surface mesh is the formation of wrinkles in regions of high-curvature.  The surfaces 
shown on the left required fairing being used for model construction whereas the surfaces 
on the right were used directly.  
 

 
Figure 5.7: Faired bulb geometry (a) Surfaces obtained by fitting B-splines to an array of 
surface mesh points used in a hydrodynamic analysis; (b) Surfaces obtained by morphing 
the control points of the baseline CAD surfaces.  The surfaces shown in (b) do not require 
additional fairing to eliminate wrinkles.  
 

The optimization procedure was first applied to the BIW-A catamaran.  The baseline 
demi-hull is symmetric about its centerline with a fine bow and wide immersed transom.  
The objective function was the calm water wave resistance at 43 knots. 

Three separate optimizations were completed.  The first study investigated the effect 
of changing the sectional area distribution while keeping the meanline fixed.  The second 

Faired hullHull from CFD Optimization Faired hullHull from CFD Optimization
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study examined the effect of changing the meanline while keeping the sectional area 
distribution fixed.  The third optimization investigated changing both the sectional area 
distribution and meanline simultaneously.  The displacement, transverse separation of the 
demi-hull centerlines at the transom (28.87 m), and the longitudinal and vertical 
coordinates of the hull surface control points were constrained in all three studies. 

This initial study showed that a significant reduction in the wave resistance could be 
achieved by modifying the sectional area distribution.  Wave resistance was reduced by 
approximately 20% after five iterations of the optimizer.  

In the second study, the offset of the demi-hull centerline from the vessel centerline 
was varied along the length of the hull while maintaining the sectional area distribution of 
the baseline HSSL catamaran.  The offset defines the meanline, which is a combination 
of the angle of attack and camber, of the demi-hull.  For the baseline HSSL catamaran, 
the bow and stern are connected by a straight line at a constant distance of 14.437 m from 
vessel centerline.   

During the optimization process, the offset distribution was defined by a cubic B-
spline curve with four equally-spaced control points between the bow and stern.  The 
transverse location of the control point located at the stern was fixed to maintain a 
separation of 28.87 m between the centerlines of the two demi-hulls. 

Figure  5.8 shows the convergence history of the optimization on meanline.  The 
independent variable is the iteration number and the dependent variable is the wave 
resistance of the modified hull normalized by the wave resistance of the baseline hull.  
With this particular choice of spline function to represent the meanline distribution, we 
were able to reduce the wave resistance by approximately 9% with seven iterations.  For 
this application, it appears that the shape of the demi-hull meanline is significant, but less 
important than the longitudinal distribution of sectional area. 
 

 
Figure 5.8: Convergence history of optimization of catamaran wave resistance by 

modification of the demi-hull meanline. 
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Finally, we performed hull form optimization permitting variations in the sectional 
area and meanline distributions along the length of the hull.  In this third study, the 
transverse scaling function for the sectional area distribution was represented by a cubic 
B-spline curve with seven control points that were cosine-spaced along the length.  The 
meanline offset distribution was represented by a cubic spline with four equally-spaced 
control points as in the previous study.  The aft control point of the offset function was 
fixed to maintain the initial separation between the demi-hulls at the transom. 

With this choice of spline functions, twenty-one wave resistance evaluations were 
required to complete each optimization stage.  The first evaluation provided the wave 
resistance for the current hull, while the remaining twenty evaluations provided the data 
required to compute the new sensitivities for the optimizer.  For these calculations, the 
sinkage and trim was fixed and a linear free surface boundary condition was used.  This 
reduced the computational burden to a single iteration within AEGIR per evaluation.  
Each AEGIR calculation required approximately five minutes of CPU time for the spatial 
discretization that was used. 

Figure 5.9 shows the convergence history of the combined optimization.  Initially, the 
convergence is monotonic.  After fourteen iterations, the solution begins to oscillate.  
Two designs were selected for additional analysis.  The first, designated S436, 
corresponds to a design at the end of monotonic convergence.  The second, which was 
designated S432 and appears to have the greatest reduction in wave resistance, was 
selected from a design that was developed after re-starting the optimization procedure 
with smaller under-relaxation parameters for the spline update calculation. 
 

 
Figure 5.9: Convergence history for the combined sectional area/meanline optimization 
of the HSSL catamaran to minimize wave resistance.  The figure shows wave drag area 
as a function of iteration number.  All predictions made using AEGIR with a linear free 

surface boundary condition and fixed sinkage and trim of the vessel. 
 

Figure  5.10 shows a plan view of the baseline demi-hull at the top and best of the 
optimized hulls, S432, on the bottom.   The modified hull is finer over the mid section 
and fatter near the stern then the baseline hull.  The mean line of the modified hull is 
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nearly straight except for at the bow where the inward camber effectively makes the 
inside surfaces of the two demi-hulls nearly parallel.  
 

 
Figure 5.10: Plan view of the baseline HSSL demi-hull (top) and best optimized  

demi-hull, S432 (bottom). 
 

Figure 5.11 shows a plan view the two of the optimized hulls, S436 and S432, at the 
top and bottom of the figure, respectively.  The S436 hull has less camber at the bow than 
the S432 hull, but a similar longitudinal distribution of sectional area.  According to our 
predictions, the addition of camber near the bow further reduces the wave-making 
resistance at higher speeds as shown in Figure . 
 

 
Figure 5.11: Plan view of two optimized demi-hulls: S436 (top) and S432 (bottom). 

 
The wave resistance was computed for the baseline HSSL, the modified S436, and 

S432 catamarans using AEGIR over a speed range of 20-60 knots.  These results are 
summarized in Figure 5.12.   The two modified hulls have less wave drag than the 
baseline hull at high speed and more wave drag at low speed.  Both of the modified hulls 
have about the same reduction in wave drag at 40 knots, but the S436 has more wave 
resistance at speeds higher than 50 knots.  The S432 has less drag than the baseline hull 
from 30 knots to the top of the speed range that was investigated.  

Figure 5.13 and Figure 5.14 show the computed steady-state wave patterns for the 
baseline and modified hulls at 40 and 25 knots, respectively.  There is a large trough 
between the hulls at approximately 0.2L forward of the transom at 40 knots for the 
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baseline hull due to the interference between the hulls.  After reshaping the hulls with the 
optimization procedure, the depth of this trough is significantly reduced.   

 
Figure 5.12: Wave-making resistance for the baseline HSSL catamaran and two 

optimized demi-hulls.  All predictions were made using the AEGIR potential flow solver.  
The wave resistance of the S432 design is less than the baseline hull at speeds greater 

than 30 knots. 

 
Figure 5.13:  Contours of wave elevation for the baseline HSSL, S436 and S432 

catamarans at 40 knots computed with the steady-state version of AEGIR with a linear 
free surface boundary condition and dynamic sinkage and trim.  The baseline hull has a 

large trough between the two hulls at approximately 0.2L forward of the stern.  This 
trough is filled in for the two modified hulls. 

 

S432 Baseline

S436

S432 Baseline

S436
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Figure 5.14:  Contours of wave elevation for the baseline HSSL and S436 catamarans at 

25 knots computed with the steady-state version of AEGIR with a linear free surface 
boundary condition and dynamic sinkage and trim.  The modified hull has a large trough 

between the hulls and large crest downstream of the transom that causes a significant 
increase in wave resistance compared to the baseline hull. 

 
APS conducted two optimization efforts during this phase of the project. The first 

effort applied the optimization procedure using similar parameters as employed in the 
optimization of the catamaran hull form.  Specifically, we solved for two functions to 
morph the baseline geometry.  The first multiplies the sectional area and the second 
provides an offset to the demi-hull meanline from its initial position.  Both functions 
were represented as one-dimensional cubic Bspline curves.  The former used seven active 
control points that were cosine-spaced to cluster the degrees of freedom near the ends of 
the hull.  The latter used four control points that were equally-spaced along the length of 
the hull.  Only three of the four control points were active design variables; the control 
point on the transom was constrained to prevent the demi-hulls from separating as the 
optimization procedure advanced.  The displacement of the vessel was also constrained to 
equal the baseline value. 
 

 
Figure 5.15: Optimized SWATH created through initial optimization. 

 
Figure 5.15 shows the hull created through the initial application optimization 

procedure.  The predominant feature is a greatly enlarged bow bulb.  We do not consider 
this concept to be a viable design because we felt that there would be an enhanced risk of 
flow separation.  Moreover, we encountered problems with the bow bulb broaching the 
free surface when predicting the wave resistance with dynamic sinkage and trim.  

A second optimization was completed using cubic B-splines with more control points 
(thirteen for the sectional area multiplier and seven for the meanline offset) to admit 
solutions with additional degrees of freedom amidships.  As part of this effort, we found 
that it is possible to reduce the computational cost of the optimization effort by using 

S436 BaselineS436 Baseline
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one-sided numerical differences to approximate the elements of the Jacobian matrix.  Due 
to time constraints, the optimization was only run for five generations and therefore is 
only a partially-converged solution. 
   

 
Figure 5.16 SWATH from second APS optimization effort. 

 
Figure 5.16 shows the resulting hull form.  Notice that the volume is increased near the 
ends and middle of the hull. 

 

 
(a) Sectional area multiplier. 

 

 
(b) Non-dimensional meanline offset. 

Figure 5.17: Evolution of the design variable splines for the second APS  
optimization effort. 

 
In Figure 5.17, we show the evolution of the design variable splines.  The curves on 

the left are sectional area multiplier while the curves on the right are the meanline offset 
non-dimensionalized by the waterline length.  Both families of curves are a function of 
the non-dimensional distance from the bow.  The key trends shown in these figures are: 

• The optimizer moves the volume to the ends and middle of the hull; 
• Camber has minimal impact on the solution; 
• The optimization is not fully-converged, and likely requires additional constraints 

to prevent unrealistic volume distributions, especially near the bow.  The increase 
in bow bulb volume relative to the baseline is shown more clearly in normalized 
sectional area plot (Figure ). 
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Figure 5.18: Sectional area curves for the baseline and APS-optimized SWATH hulls. 

 
One of our primary objectives for Test Session III was to provide estimates of the 

wave resistance for the baseline SWATH, the APS-optimized SWATH, and several 
NSWCCD-optimized designs.  Figure 5.19 compares the baseline and final potential-flow 
optimized SWATH demi-hulls.     
   

 
(a) Baseline SWATH demi-hull. 

 
b) APS-optimized SWATH demi-hull 

 
(c) NSWCCD-optimized SWATH demi-hull without camber 

Figure 5.19: Three SWATH demi-hull configurations viewed from below. 
 
 

The predictions of the steady wave resistance for the three hulls shown in Figure 5.20, 
computed using AEGIR, are shown in Figure  for a speed range of 25-50 knots (Fr = 
0.32-0.63).   In all cases, a linear free surface condition was used, the effects of dynamic 
sinkage and trim were included, and similar grid topologies and panel densities, with 
approximately 30 high order panels along the waterline on the free surface, were 
employed.   Both the APS and NSWCCD-optimized hulls show a considerable reduction 
in wave resistance relative to the baseline hull at speeds greater than about 35 knots.  We 
predict that the uncambered NSWCCD hull would have the lowest wave drag across the 
speed range. 
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Figure 5.20: AEGIR predictions of wave resistance coefficient for baseline, APS-

optimized, and NSWC-optimized (without camber) SWATH.  The coefficients are based 
on the wetted area below the static waterline of the baseline hull. 

 
The primary observations and conclusions from our optimization studies on the BIW-A 
catamaran and the NSWCCD Baseline SWATH are: 

• The use of B-spline functions to represent the scaling factor for the sectional area 
and the offset for the mean line of the demi-hull, coupled with the underlying 
NURBS geometry representation of the hull in the flow solver, is an efficient 
means of morphing the hull geometry in the optimization process.  In particular, it 
is possible to create large changes in the hull form with just a few degrees of 
freedom, which reduces the computational effort required to evaluate the 
sensitivities for the optimization procedure.  Secondly, B-splines are local 
functions, meaning changes to a specific control point have the greatest impact in 
the region near the control point.  Lastly, the changes to geometry are continuous 
changes that should minimize the risk of causing adverse effects such as flow 
separation. 

• Design optimization based on potential flow has the capacity to reduce the drag of 
multi-hull vessels significantly by reshaping the longitudinal volume and demi-
hull meanline distributions.  However, sufficient constraints are required to 
prevent the optimized designs from taking on characteristics that increase drag 
due to phenomena not modeled in potential flow.  For example, a significant 
increase in the bow bulb sectional area, which manifests itself as an increase in 
the sectional beam-to-depth ratio if the bulb profile is constrained, can cause 
secondary flows that increase the viscous drag and offset a reduction in the vessel 
wave-making drag; 

• Future optimization efforts should investigate hybrid optimization schemes based 
on simultaneous application of low fidelity (potential flow) and high fidelity 
(viscous flow) models to reduce computational expense relative to the high 
fidelity model while retaining the full physics of the high fidelity model.  
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Potential approaches include trust region [Alexandrov et al, 2001] and other 
multi-fidelity interaction schemes [Castro et al, 2005]; 

• It is feasible to increase the number of design variables to O(20) yet maintain 
reasonable run times by using one-sided differences to compute the gradients for 
the optimization algorithm; and 

• Our analyses suggest that changes to the longitudinal volume distribution have a 
larger impact than demi-hull meanline shape on wave resistance of multi-hulls. 

 
3. Design optimization of baseline BIW-SWATH using CFDShip. CFDShip was 

interfaced with optimization modules in collaboration with NICOP. A Multi-Objective 
Genetic Algorithm (tahara et al, 2007) which is a derivative free approach capable of 
finding global optimum was used (Figure 5.21).  
 

 
Figure 5.21. Genetic algorithm vs SQP 

 
The method investigated in the present study is MOGA, where, the basic algorithm 

proceeds as follows: (i) generation of an initial population of individuals at random 
manner; (ii) decoding (if necessary) and evaluation of some predefined quality criterion, 
referred to as the fitness; (iii) selection of individuals based on a probability proportional 
to their relative fitness; and (iv) crossover (and mutation, if any) operation. The steps (ii) 
through (iv) are repeated until the generation achieves designated number.  For a general 
single-objective optimization, objective function F1 is directly related to objective-fitness 
function f0, e.g., by using the Sigmoid function: 
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The functional constraints are accounted for by using a penalty function approach, which 
artificially lowers the fitness if the constraints are violated and is expressed as: 
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where r is a penalty parameter. 
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Fig.5.22: High-performance parallel-computing architecture for multi-process CFD-
based genetic algorithm. 

 
The present parallel coding is based on MPI architecture.  As shown in the figure, 

master and slave process execute the same code, and each role is defined in the different 
subroutine.  Fig.5.22 shows an example for the main routine.  If the processor id (myid) is 
zero, subroutine master() is called and subsequent procedure is shown.  The master 
routine involve GA scheme, and function evaluation is done by calling MPI_SEND() and 
MPI_RECEIVE() routines, which send signals to slaves to execute CFD and receive a 
signal from slaves when it is done.  Each CFD is also run in parallel computation mode, 
and uses n processors.  The number of population in this example is m-1.  A concept in 
this coding is extremely simplified message transmission.   Role of master and slave 
nodes is clearly separated, i.e., the master node will also be in charge of all computational 
setups as well as GA, and the salve nodes just execute CFD.    

The optimization used a single objective function, resistance.  Preceding the 
optimization runs, two kinds of sensitivity studies were performed; One-generation 
initial-population runs, and three-generation propagation runs. The purpose of these runs 
was to investigate the following. 
 

• Initial feasible population size: Higher the initial population the lower the number 
of generations required for getting the optimal solution, the price being the 
number of initial processors. Trial runs were conducted with initial population 
size 6, 9 and 18, with 30, 45 and 90 processors, respectively. An initial population 
of 9 was deemed feasible as the 18 population case crashed due to one member 
being sent to a bad processor node, and also took much longer in the batch queue.  

 
• Number of solver iterations necessary to get the trends: The rank of each member 

in the population (lowest resistance to highest resistance) determines how the 
current population will propagate. It is not necessary to get the fully converged 
solution at each generation. The rank becomes evident after 150 iterations for the 
captive model (w/o S&T). Full convergence requires 300-400 iterations for the 
captive model. For free model (predicted sinkage and trim) the rank becomes 
evident after about 250 iterations. Full convergence requires 500-600 iterations.  
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• Captive vs. free model: The same 9 member initial population was run with both 

scenarios: captive model, and free model. 4 design variables were used: 1 inboard, 
and 3 outboard. Interestingly, the individual members’ ranks are the same for both 
the scenarios. Since the captive model case is 5 times more cost effective than the 
free model case and the ranks are unaffected, the captive model case was used for 
all further studies and optimization. 

 
• Upper and lower bound of each design variable: Each control point on the B-

spline has an upper and lower bound within which it is free to perturb. Different 
upper and lower bounds were tried out and final values were decided based on 
keeping the displacement spread to a minimum.  

 
• Following the preliminary sensitivity studies, preliminary three generation 

propagation runs were performed to investigate the effects of the design variables. 
 

• Design variables on the inboard hulls: Two different settings were tried out. First 
was using three design variables on the inboard hulls (B-spline with three control 
points). The second was using just one design variable (constant reduction of the 
inboard hull without a B-spline function). The genetic algorithm was let to 
propagate for three generations, and the resistance for the members of the 
population with similar displacement was compared between the two settings. 
After three generation the second setting showed lower resistance values, with 
smaller number of design variables. 

 
• Design variables on the outboard hulls: Based on previous experience a 3 control 

point B-spline was used for the outboard hull modification. Effect of the 
longitudinal location of the centre control point was investigated by moving the 
control point axially, and best results were got with the control point at axial 
location at x/L=0.4. Four three-generation runs were carried out for this 
investigation with the center control point at x/L=0.3, 0.4, 0.5, and 0.6. 

 
• Design variables for depth wise modification: Depth wise modification was 

carried out using a B-spline with two end points fixed at the extremities of the 
draft at the bow and stern. The end points were fixed to maintain draft. Similar to 
the previous case for the outboard hulls the axial location of the center control 
point was tested at two locations x/L=0.4, and 0.5 and the optimizer was run for 3 
generations. Best results were got for the centre control point at x/L=0.4. 

 
Following the preliminary sensitivity studies and initial propagation runs the final 

optimization run was carried out with a limit of 15 generations. The final optimization 
run used 5 design variables: 1 inboard, 3 outboard and 1 depth wise, based on the 
sensitivity studies (Figure 5.23). 
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Fig 5.24. Flow-field comparison between original and optimized geometries: (a) Free 
surface elevation top view, (b)  Free surface elevation top bow view, (c) Free surface 

elevation with streamlines and hull surface pressure  bottom bow view, (d) Free surface 
elevation with streamlines and hull surface pressure bottom stern view 

 
A comparison of the wave elevation and the surface stream-lines is shown in Fig 

5.24. The optimized SWATH shows reduced wave elevation amplitudes in the 
interference region between the hulls, which is responsible for most of the drag reduction. 
The local stream lines near the tail end for the optimized SWATH do not exhibit the 
cross-flow seen in the original swath. This turned out to be an added benefit as this 
relates to the vortical flow past the tail end. Fig 5.25 shows the isosurface of Q depicting 
regions of vortical flow for the original and the optimized configurations. As seen, the 
optimized hull does not exhibit the vortex flow emanating from the tail end, which would 
be a benefit for propeller performance.   

Original 

Original 

Original Original 

Optimized 

Optimized 

Optimized Optimized 

(a) 

(d) (c) 

(b) 
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Fig 5.25. Comparison of transom end vortical flow between original and optimized hull 

forms using iso-surface of Q=5 
 
 

C. Code Comparison. 
 

1. Comparison of predictions: AEGIR optimized BIW-A using CFDShip. The 
AEGIR optimized BIW-AV hull form was verified using CFDShip-Iowa. Fig 5.26 shows 
the comparison of the Cr predictions along with the EFD data. AEGIR predicts the trends 
well, but under predicts the magnitudes. 

 
 

Fig 5.26. Cross verification and validation of AEGIR optimized BIW-AV hull form. 
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2. Comparison of predictions: TSD and AEGIR optimized BIW-SWATH using 
CFDShip. The SWATH hull forms obtained from the TSD and AEGIR optimization 
were evaluated using CFDShip. The wave-elevations and sinkage& trim were reduced in 
both the optimized hull-forms (fig. 5.27a, 5.27b). However, the bow form modification 
lead to higher adverse pressure gradients at the bow and also some undesirable viscous 
effects as seen from fig. 5.27c and 5.27d resulting in slightly higher resistance than the 
original (fig 5.27e). The viscous effects that were not taken into account during the 
potential flow optimization plays an important role in the resistance characteristics for the 
SWATH.  
 
 Original Swath APS optimized Swath TSD optimized Swath 
S&T 

Elevation 

Pressure 
at bow 

Transom 
Streamlin
es 

(a) 

(c) 

(b) 

(d) 
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Forces  

 
 

Fig 5.27. Comparison of TSD and AEGIR optimized SWATH using CFDShip-Iowa: (a) 
sinkage and trim, (b) elevation, (c) bow form pressure and streamlines, (d) transom 

pressure and streamlines, (e) forces  
 
 
3. Comparison of predictions: CFDShip optimized BIW-SWATH using AEGIR 

(FSTI, APS). Applied Physical Sciences Corporation (APS) of Groton, CT was tasked to 
support hydrodynamic optimization and computational analyses of High Speed Sea Lift 
(HSSL) hull forms during the extended model test program under ONR contract N00014-
07-C-02763.  Specific contributions were made in two areas: fairing of the Computer-
Aided Design (CAD) file for the optimized SWATH hull generated by CFDShip-Iowa, 
and predictions of the steady wave resistance using the AEGIR potential flow solver. 

Hull Fairing: APS developed and applied a geometric processing algorithm to fair the 
SWATH hull generated by the CFDShip-Iowa-based optimization.  The purpose of this 
activity was to produce a CAD file with faired surfaces which could be used in analyses 
with other hydrodynamic computational codes and for model construction.  The original 
optimized hull surfaces were created by interpolating the CFD computational mesh with 
Bspline surfaces.  This lead to a geometric model with an excessively large number of 
control points (degrees of freedom) that had curvature issues on parts of the strut and on 
the forward and after ends of the pontoon.  Figure 5.28 shows the Gaussian curvature on 
the two ends of the original optimized hull surfaces.  The alternating high-low (red-blue) 
pattern in the curvature indicates issues with surface fairness.  
 
 

(e) 
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Figure 5.28:  Gaussian curvature on the original Iowa-optimized SWATH hull. 

 
The algorithm that we developed applies shape variations, defined by a set of cubic 

splines, to morph the surfaces of the fair NSWCCD baseline SWATH hull CAD model.  
The initial shape variations were based on the design splines created as part of the 
optimization procedure.  However, since the transformations were not affine, the process 
had to be repeated to converge to the intended optimized shape.  The shape variations for 
the second iteration were developed by comparing section shapes at approximately 25 
locations along the hull.  A total of two iterations were sufficient to match the sectional 
area distribution within a reasonable tolerance.  Figure 5.29 shows a typical comparison 
between the original and faired hull forms.  The surfaces match well in regions where the 
original CAD representation was fair with deviations on the order of 1-2 cm at full scale 
typical.  Figure 5.30 shows the aft end of the lower pontoon for the original and faired 
hulls.  Our morphed hull did not require any additional hand fairing, whereas the original 
CAD surfaces appear wrinkled and would require fairing before they could be used. 
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Figure 5.29: Comparison of section shapes from original optimized SWATH CAD file 
(blue curve) and CAD file created by morphing the NSWCCD baseline SWATH CAD 
file (black curve). 
 

 
Figure 5.30:  Faired bulb geometry (a) Surfaces obtained by fitting B-splines to an array 
of surface mesh points used in the RANS hydrodynamic analysis; (b) Surfaces obtained 
by morphing the control points of the baseline NSWCCD SWATH CAD surfaces.  The 
surfaces shown in (b) do not require additional fairing to eliminate wrinkles. 
 

Steady Wave Resistance. The second part of our task was to estimate the resistance of 
the Iowa-optimized SWATH hull using the steady version of AEGIR potential flow code.  
All of our computations were made using the linear free surface condition with the hull 
free to sink and trim dynamically in response to the hydrodynamic forces.  Our results are 
reported as non-dimensional resistance coefficients, ( )WSURCw 25.0 ρ= , where R is 
combination of the wave and hydrostatic components of resistance, ρ is the fluid density, 
U is the ship speed, and WS is the static wetted area measured beneath the design 
waterline.   

The geometric model used in these analyses was created by morphing the baseline 
NSWCCD SWATH CAD file as described previously.  The model origin, which is used 
as the center of rotation in the AEGIR trim calculations, was set at the longitudinal center 
of buoyancy that was computed with RhinoMarine for the predictions without initial 
static trim.  Computations were first performed with the CAD model sunk to match a full-
scale displacement of 15,920 long tons initially reported in the model test data, 

Faired hullHull from CFD Optimization Faired hullHull from CFD Optimization
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which resulted in a deeper full-scale draft of approximately 29 feet instead of the design 
full load draft of 28.2 feet.  It was later confirmed by NSWCCD that the model was in 
fact tested at the design full load waterline of 28.2 feet.  The convergence studies 
presented in this section were all completed using the deeper draft.  The subsequent 
resistance predictions were completed for both draft conditions. 

Table 5.2 summarizes the simulations that we completed.  The initial set of runs 
examined numerical convergence to determine an appropriate discretization.  Upon 
completion of the convergence study, we predicted the resistance of optimized SWATH 
for a range of Froude numbers and static trim angles. 
 

Table 5.2.  Summary of AEGIR runs for Iowa-optimized SWATH 
 

Run Type Speeds 
[knots] 

Static Trim 
Angle 
[deg] 

Number of 
Body Panels 

Number of 
Free Surface 

Panels 

Displacement
[l. tons] 

Convergence 50 0.0 912, 1368, 
1728 

1680, 3400 15920 

Convergence 50 0.0 912 1680, 3400, 
4600 

15920 

Resistance 25, 30, 
35, 40, 
43, 45, 
50 

0.0, 0.25, 
0.50, 0.75, 
1.00, 1.25, 
1.50 

1368 3400 15920 

Resistance 25, 30, 
35, 40, 
43, 45, 
50 

0.0 1368 3400 15704 

 
 

Convergence Study. As a precursor to predicting the wave resistance, we completed a 
convergence study to determine appropriate choices for the number of panels used on the 
body and free surface.  These computations were made at the measured displacement.  
Figure  shows the variation of resistance coefficient, sinkage and trim as a function of the 
number of body panels for 1680 and 3400 free surface panels, respectively.  Our 
conventions for the convergence study are positive sinkage corresponds to the vessel 
lifting out of the water and positive trim is bow down rotation.  Sinkage and trim are 
more convergent than the resistance coefficient as expected because we use pressure 
integration on the hull to estimate the hydrodynamic forces.  Drag is second order 
quantity that is computed by taking the difference between two large numbers 
corresponding to the pressure acting on the two ends of the hulls.  More panels are 
required near the ends to resolve the drag force. 
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(a) 1680 free surface panels  
(b) 3400 free surface panels 

 
Figure 5.31: Convergence of AEGIR predictions at 50 knots for the Iowa-optimized SWATH 
with fixed number of free surface panels and varied number of body panels.  (a) 1680 free surface 
panels (b) 3400 free surface panels. Wave resistance is shown on the left-hand axis and sinkage 
and trim are shown on the right-hand axis.  Positive trim is bow down and positive sinkage is 
upward translation of the hull. 
 

Finally, we show the convergence properties as a function of the number of free 
surface panels with a fixed body discretization in Figure 5.32.  The number of panels on 
the free surface was scaled uniformly in both directions to maintain the same panel aspect 
ratio.   
 

 
Figure 5.32:   Convergence of AEGIR predictions at 50 knots for the Iowa-optimized SWATH 

with 912 body panels as a function of the number of free surface panels.  Wave resistance is 
shown on the left-hand axis and sinkage and trim are shown on the right-hand axis.  Positive trim 

is bow down and positive sinkage is upward translation of the hull. 
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Predictions. The final AEGIR predictions for the Iowa-optimized SWATH were made 

using the grid with the intermediate number of body panels (1368) and free surface 
panels (3400).   Figure  5.33 shows the wave and hydrostatic components of the residuary 
resistance coefficient from AEGIR compared to the measured residuary resistance 
coefficient with the hull initially oriented on an even keel.  The red curve is the prediction 
for the configuration matching the model test displacement, the blue curve is the 
prediction for the configuration matching the model test draft and the black curve is the 
measured data.  The differences between the two predictions are small, suggesting that 
the error incurred by not matching draft and displacement simultaneously is only a small 
part of the difference between the predictions and experimental data.   The difference 
between experiment and the prediction is likely due to viscous effects because AEGIR 
does not account for the pressure drag.  The magnitude of this drag component can be 
inferred from a RANS prediction. 
 

 
Figure 5.33: Resistance as a function of Froude number for an initial even keel trim. 

 
 

Figure 5.34 shows the comparison between the measured and predicted resistance as 
a function of Froude number for the configuration with an initial bow up trim of 1 degree.  
For these computations, we matched the model test displacement.  The difference 
between the prediction and experiment is similar to that shown for the even keel 
configuration. 
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Figure 5.34:  Resistance as a function of Froude number for an initial trim of  

1 degree bow up. 
 

Figure 5.35 shows the measured and predicted resistance of the optimized SWATH as 
a function of the initial trim angle for the 43 knot full-scale condition.  AEGIR indicates 
minimum drag for the configuration without any initial trim whereas the data indicates a 
minimum with one degree of bow up trim.  Figure 5.36 compares the measured and 
predicted trim angle and sinkage for the configuration with an initial even keel trim.  

 

 
Figure 5.35:   Resistance coefficient as a function of the initial static trim angle at  

43 knots full-scale. 
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Figure 5.36: Comparison of the measured and predicted full-scale sinkage and trim 

values for the Iowa-optimized SWATH.  These data are for the configuration  
without any initial trim. 

 
D. Verification and Validation of CFDship Predictions 

 
 

 
Fig 5.37. SWATH resistance comparison 

 
Model testing of the optimized SWATH was carried out using a 19 ft model. Fig 5.37 

shows the CFDShip prediction for Cr for the optimized SWATH along with EFD for both 
the optimized and the baseline SWATH hull-forms. Similar to the baseline SWATH 
verification, a grid study was conducted for the optimized SWATH geometry using three 
grids. Table 5.3 to 5.5 shows the results of the grid study. Cr and Ct show monotoni 
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convergence with UG=19.71 and 4,85 %, respectively. Cf shows oscillatory convergence 
with Ug < 1%. UV is lesser than E indicating validation of Cr. 

 
 

Table 5.3. Resistance coefficients at Fr=0.518 
 Coarse (grid 3) Medium (grid 2) Fine (grid 1) 
Cf 
 

0.003865 0.003863 
       ε32 =  0.000002    

0.003866 
        ε21 =  -0.000003 
(oscillatory) 

Cr 0.001925 0.00180 
       ε32 =  0.000125    

0.00172 
        ε21 =  0.00008 
(monotonic convergence)      

Ct 0.00579 0.005663 
       ε32 =  0.000127    

0.005586 
        ε21 =  -0.0000077 
(monotonic convergence) 

 
 

Table 5.4. Results from the grid study 
 rG pG UG Sc (corrected Cr) 
Cf - - 0.1%  
Cr 0.64 1.29 19.71  % 0.001676 
Ct 0.60 1.44 4.85 % 0.005544 
 
 

Table 5.5. Validation of computed Cr 
E % UD % USN % UV % 

13.1% 5 19.71 20.33 

 
 
 

E. Conclusions. The magnitude of interference drag measured in catamaran and 
trimaran model tests in Phase I provided our nominal hull form optimization goals.  The 
resources for development and evaluation of optimization tools at NSWCCD and APS 
required simplified approaches that resulted in simplified hull form morphing methods 
with few variables, and gradient-based optimizers.  At Iowa the hull form morphing was 
similarly simplified, while the optimizer used a Multi-Objective Genetic Algorithm.  We 
consider the optimization work done with HSSL to be a large first step toward an 
optimization capability that allows the most general hull form morphing of a monohull, 
or of a multihull incorporating any number of hulls, with respect to a range of speeds and 
displacements of interest. 

The work reported here with the HSSL SWATH hull form suggests that a viscous 
flow analyzer such as CFDShip be used, if not alone, then in conjunction with a potential 
flow analyzer such as AEGIR or TSD in a multi-fidelity process. 
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6. HPC UTILIZATION AND EVALUATION OF RUN TIMES. 
   

The computationally intensive code, CFDship was executed on the 1.7-GHz 
IBMp655 (IBM Power4+) Kraken machine at NAVO. For calculating the calm water 
resistance, sinkage and trim for the SWATH catamaran at a particular Fr (2DOF), the 
typical times for solution convergence for each run using 32 processors is about 8 hours 
(256 CPU hours). For self-propulsion calculations, where the thrust is specified and the 
ship is allowed to accelerate until it reaches the target Fr, it takes two times longer for 
solution convergence.  

For sea-keeping calculations with regular waves, the typical run time to achieve 
statistically stationary solutions is about 15 hours with 32 processors (480 CPU hours).  

Optimization simulations for resistance reduction, was conducted using 9 
simultaneous calculations with 9 different modified geometry at each generation for 15 
generation, thus totaling 135 separate calculations. However, since a captive geometry 
was used (no sinkage and trim) each calculation took only 60 CPU hrs giving a total of 
135 x 60 = 8,100 CPU hrs.  

These estimates are based on calculations performed using the newly modified 
CFDShip which is up to 5 times faster than the older version.  

 
7.  TRANSITION OF COMPUTATIONAL HYDRODYNAMIC TOOLS TO 

NAVAL ARCHITECTS 
 

A.  Transition of tools to Bath Iron Works (BIW). BIW, as the shipyard design 
representative on the team, led an effort under Phase II to transition selected tools from 
the team’s computational hydrodynamic tool suite to use by an experienced BIW naval 
architect.  The two goals of this task were to (1) learn, apply, and evaluate the tools from 
an end-user perspective, and (2) obtain analysis results that would synergistically support 
the code validation efforts of the team. 

1. Tool transition overview. The various steps planned and executed under this task 
are shown in the schedule below (Table 7.1), along with the approximate duration of each 
step.  The first step involved an assessment of which tools from the suite to select.  Given 
time and budget constraints, two codes were chosen: CFDShip-Iowa and AEGIR.  The 
basis of this selection was BIW’s preference to gain experience with both a RANS code 
and a potential flow code.  The main reason for choosing AEGIR as the potential flow 
code for evaluation was its ability to handle both steady resistance and unsteady time 
domain problems. 
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Table 7.1.  Schedule for hydrodynamic tool transition to BIW 
 

 
 

The next step involved action on the part of BIW to procure and install the Tecplot, 
Rhinoceros (Rhino), and Gridgen software needed to support the use of both CFDShip-
Iowa and AEGIR.  Rhino CAD software was needed primarily because the hull geometry 
input file to AEGIR is in the Rhino “3dm” file format.  Tecplot was used as a data post-
processor for visualizing three-dimensional flow field results from both CFDShip-Iowa 
and AEGIR.  In the case of AEGIR, Tecplot files were also produced that allowed the 
user to check the free surface and body discretizations used in a particular run, as well as 
iteration histories of selected variables.  Gridgen was needed to produce the structured 
overset grids used by CFDShip-Iowa.  In parallel with the support software procurement 
and installation, the necessary arrangements were made to obtain the most recent version 
of AEGIR from FSTI and install it on the designated BIW user’s desktop computer. 

FSTI and APS representatives visited BIW and provided a comprehensive one-day 
training session in the use of AEGIR.  At this time, sample input files were provided to 
the designated BIW user to allow familiarization with the code and to begin analysis of a 
test case.  Following the training, the BIW user communicated as necessary via phone 
and email to obtain technical support and discuss analysis results.  In the case of 
CFDShip-Iowa training, it was deemed most effective for the BIW user to initially spend 
a week at the University of Iowa (UI).  During this time, he received one-on-one 
guidance in the use of Gridgen software in creating the computational mesh, setting up 
steady resistance test cases for CFDShip-Iowa on a remote HPC machine, and analyzing 
the results.  An added benefit to this approach was that it provided an opportunity for the 
user to meet others at UI directly involved in developing and applying CFDShip-Iowa. 

2. Test cases. The test case chosen for application of AEGIR by BIW was the 
baseline SWATH hull form.  Both steady resistance and unsteady response in regular 
waves were simulated in AEGIR, and the results are discussed in sections 4.1.2 and 
4.3.1.2, respectively.  Comparisons were made for the purposes of code validation to tests 
done by the Naval Academy Hydromechanics Laboratory (NAHL) using a 10.5 foot 
model. 

The test case chosen for application of CFDShip-Iowa was the optimized BIW 
catamaran hull form.  This optimized hull shape and corresponding wave resistance 

TASK Aug-06 Sep-06 Oct-06 Nov-06 Dec-06 Jan-07 Feb-07 Mar-07 Apr-07 May-07 Jun-07 Jul-07 Aug-07 Sep-07

Transition selected HSSL B software 
to BIW for training and application

1. Evaluate transition options for 
candidate codes (schedule, support 
software requiring purchase, code 
transition training costs)
2. Purchase and install Rhino, Tecplot 
and Gridgen support software on 
dedicated BIW machine
3. Obtain and install AEGIR on 
dedicated BIW machine
4. Coordinate with FSTI/APS to prepare 
for AEGIR training at BIW and execute 
training
5. Define test case concepts
      - AEGIR
      - CFDShip
6. Setup and analyze test cases using 
AEGIR at BIW

7. Visit U. Iowa for training in CFDShip, 
set up and analyze test case

8. Evaluate results / provide feedback to 
Team on AEGIR & CFDShip experience
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predictions were done by APS under HSSL Part A using an optimization algorithm with 
AEGIR as the hydrodynamic analysis engine.  The CFDShip-Iowa steady resistance 
analysis done here provided a cross-verification of the AEGIR predictions, and the results 
are discussed in section 6.3.1.  Both the AEGIR and CFDShip-Iowa predictions were 
compared with NAHL tests done using a 4 foot model. 

3. Summary of BIW experience with tools.  Most of the analysis work by BIW 
under this task was done using AEGIR, primarily because the user opted to learn and 
apply both the steady resistance and unsteady time domain motion prediction options in 
AEGIR.  CFDShip-Iowa was exercised in the steady resistance mode only.  The 
following subsections distill the BIW user’s experience with the tools, both in training 
and application. 

AEGIR:  The one-day training provided by FSTI and APS in AEGIR was 
comprehensive, and allowed the user to immediately start running the code.  The User 
Notes provided a helpful reference for the construction of AEGIR input files and the 
interpretation of output files.   

Technical support from the AEGIR developers was excellent.  Questions on input file 
setup, runtime errors, and interpretation of results were answered promptly.  Updates of 
AEGIR were provided intermittently in response to user needs, as with the addition of 
viscous damping coefficient inputs to support investigation of motion responses near 
resonance. 

The steady resistance mode of AEGIR was fairly straightforward to use.  The Rhino 
CAD hull model for the baseline SWATH had been provided to the user at the initial 
training session, so that input file setup was confined primarily to manipulating the free 
surface and body discretization parameters for the convergence studies and entering the 
correct mass properties for the various static trim conditions investigated for comparison 
with model tests.   

The unsteady time domain mode was exercised in simulating response to regular 
incident waves.  Input file setup for the unsteady cases was also straightforward.  The 
steady sinkage and trim values obtained for the case of no initial static trim at the design 
speed of 43 knots were used to define the mean hull position for the regular wave runs.  
Incident wave input files were created based on the measured encountered wave 
amplitudes in the model tests.  The most time consuming part of the unsteady analysis 
was the interpretation of the predicted motion output files and adjustment of the run input 
parameters to yield the steady state results needed for computing heave and pitch 
response amplitude operators (RAOs) for comparison with experiment.  To assist in this 
effort, the code developers provided MATLAB scripts to quickly extract motion statistics 
for each run from AEGIR output files.  

CFDShip-Iowa: As mentioned earlier, user training in CFDShip-Iowa took place at 
UI over a one week period.  This intensive one-on-one training experience was excellent, 
as the trainer had considerable experience using the code and was able to efficiently 
guide the user through all aspects of grid generation, input file setup, job submission to a 
remote HPC machine, and analysis of results.  The CFDShip-Iowa Version 4 Users 
Guide was still under development at the time of the training visit, but the draft guide still 
contained useful information on input file parameters. 

The chosen test case for the steady resistance mode of CFDShip-Iowa, the optimized 
BIW catamaran hull form, provided a relatively complex geometry for a computational 
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grid generation exercise.  As this was the user’s first exposure to Gridgen, the trainer first 
walked through the process of developing the background grid and hull-conforming 
grids.  The user later worked through the process independently to reinforce the essential 
steps.   

Once the computational grid was created, the trainer and user together worked 
through the setup of grid boundary conditions, setup of the SUGGAR file for overset grid 
interpolation, setup of the CFDShip-Iowa job input files, and execution of SUGGAR and 
CFDShip-Iowa on an HPC machine.  After the jobs completed, output files were 
visualized using Tecplot and the steady resistance results were plotted against 
experimental values as well as AEGIR predictions.  Though there were many detailed 
steps involved in the overall process, the clear presentation of material and the 
opportunity for hands-on practice enabled the user to gain a working knowledge of 
CFDShip-Iowa in a relatively short time. 

4. Summary. This effort achieved the goals of training a BIW end user in both the 
AEGIR and CFDShip-Iowa tools, and in applying the tools to cases that supported the 
team’s code validation efforts.  Given further opportunities, the user intends to learn to 
exercise other options available in both codes, such as the prediction of motions in 
irregular waves. 

It is the BIW user’s assessment that both AEGIR and CFDShip-Iowa, while powerful 
analysis tools, currently demand that a user have a theoretical and practical background in 
numerical ship hydrodynamics in order to intelligently use them.  As progress is made in 
developing user interfaces and documentation for the codes, it is expected that the 
prerequisite knowledge level of the user will decrease, thereby expanding the potential 
pool of naval architect end users. 
 

8. DELIVERABLES 
 

The project deliverables under the current grant include technical and financial 
reports, presentation materials, performance/technical specifications as appropriate; this 
final report which includes all items listed in BAA, Part 11 entitled “Other Information” 
for Subtask B. This specifically includes a summary of the codes TSD0, VERES, 
AEGIR, CFDShip-IOWA and progress made on RNN and linkage software. The 
summary includes performance, capabilities and example computations, typical run times 
and identified limitations. The selected HSSL configurations are described with estimated 
performance. The use of HPC resources and usefulness are documented. The 
optimization effort will be described. Additional deliverables under contract N00014-07-
M-0016 includes the computer codes CFDShip-Iowa and AEGIR. 
 
 

9. OVERALL ACCOMPLISHMENTS AND CONCLUSIONS 
 
The team developed innovative concepts to meet HSSL requirements and identified 

needed predictive capability at different design stages. The team then assembled and 
implemented the hydrodynamic tool set to predict concept performance over a wide range 
of conditions and parameters for resistance, propulsion, sea-keeping, loads, operability 
and maneuverability. The computational hydrodynamic tool set demonstrated capability 
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in providing relevant hydrodynamic information for the design process for the following: 
(a) Resistance over entire speed ranges with TSD, AEGIR, CFDShip-Iowa, (b) Powering 
(including waterjets) with CFDShip-Iowa, (c) Ship motions with VERES, AEGIR and 
CFDShip-Iowa, (d) Operability with VERES, (e) Loads with VERES, AEGIR, and 
CFDShip-Iowa and (f) Maneuvering PMM demonstration with CFDShip-Iowa and RNN. 
Both concept and hydrodynamic tool performances were evaluated and validated. 
Independent assessment of code capabilities and performance was also carried out. Multi 
fidelity computational shape optimization was performed where the results from low 
fidelity optimization was used to guide high fidelity optimization. Model testing was 
carried out which validated the optimization. The tool set was transitioned to the Naval 
Architects. 

Evaluation of the computational tool set revealed certain areas where further 
improvement is warranted. For resistance, the potential flow codes under-predict Cr for 
SWATH, probably due to higher form-drag /wave-drag ratio compared to slender ships. 
New form factors for SWATH type hulls may need to be investigated. For propulsion, 
implementation of Yamazaki model is in progress. For sea-keeping, further investigation 
of non-linear effects in high amplitude regular waves is required. Currently, verification 
and validation of CFDShip for sea-keeping on both the original and optimized SWATH 
hull forms is in progress which includes domain studies, grid studies and time-step 
studies. Irregular wave sea-keeping runs are also required. For maneuvering, validation 
and RNN training so far has been based on 5415, and validation and RNN training for 
multi-hulls is required. For load transfer, the simulation and validation of the T-AKR300 
to T-AK 3008 test cases need to be completed over the entire parameter range of the 
available model test data. Simulation and validation for multi hull configurations is also 
required. Application of optimization strategies for multi-objective optimization is 
required and newer methods such as hull-form blending need to be implemented and 
investigated. The optimization tools and methods developed through this project will be 
further refined and implemented for optimization of water-jet propelled ships in 
oncoming projects. 

 So far, the overall evaluation has demonstrated that innovative concepts can meet 
HSSL requirements and the codes can predict and optimize concept performance at 
different fidelity as required by the Naval Architects. The synergy between the code 
developers, expert users, and naval architects facilitated project success. 
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