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PREFACE

In recent years rapid advances have been made in computer applications in ship hydrodynamics and ship design, due to an increase in the performance of computer
hardware.
In the field of ship hydrodynamics, various methods have been developed for the
prediction of calm water resistance and manoeuvring characteristics. These methods
range from rather simple empirical methods to very advanced Computational Fluid
Dynamics (CFD).
In ship design, Computer Aided Design (CAD) applications were mainly focused on
the description of the geometry of the ship and the calculation of hydrostatic
properties. Much attention has been given to drawing systems and connectivity to
systems for supporting the production process of ships (CAM).
Integration of hydrostatic calculations in ship design software offers new possibilities to ship designers for optimizing the design of ships.
The Maritime Research Institute Netherlands (MARIN) considered it timely to organize an International Symposium on CFD and CAD in Ship Design, with the aim to provide a forum for exchanging ideas and information between developers and users of
CFD and CAD systems.
The papers have been arranged in four sessions:
-

CAD Developments
User Experience with CAD and CFD
CFD Developments
Future Developments

MARIN wishes to express its gratitude to all who have contributed to the success
of this Symposium, either as author of a paper, as session chairman, as discusser
or as participant.

Dr. Gerard van Oortmerssen
Chairman, Organizing Committee
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ON THE INTEGRATION OF CFD AND CAD IN SHIP DESIGN
BRUCE JOHNSON
U. S. NAVAL ACADEMY
KEYNOTE

ADDRESS

1. INTRODUCTION
I am deeply honored to be invited to address this
International Symposium on CFD and CAD in Ship
Design. I have never written a flow code or a CAD
package nor do I supervise graduate students who
perform these tasks. My modest qualifications for
making the following comments are based on
1) a working knowledge of turbulence research [1]
and continuum mechanics a number of years ago and
2) more recent experience in using various CFD
(Computational Fluid Dynamics) and CAD (ComputerAided-Design, in my case primarily hull geometry) codes
and observing the inefficiencies caused by the lack of
design system integration. Attempts to improve the
efficiency of decision support tools used in the
hydrodynamic design process for ships and vehicles have
been a central focus of my professional life for nearly
twenty years.
Quoting from a SNAME 1990 annual meeting paper
which I co-authored, [2]
"The advantages of an integrated hullform
hydrodynamic design system which fully accesses
and utilizes historic data are obvious.
An
excellent example of what can be accomplished
(even without full integration) is the design of
the SL7 class of high-speed containerships for
SeaLand by MARIN (Marine Research Institute,
Netherlands) [3]. Despite extensive model
testing of different bulb and stern configurations,
the design goal for speed was not being met. In
a very constrained time frame MARIN developed
a hull form based on its historic data which,
when tested, proved significantly better than any
previous design, and met the required design
speed of 33 knots. Note that 'extensive model
testing' of new hull forms was used in a 'what if
mode because bulb and stern configurations for
33 knot ships represented a case where little
guidance was available from the various 'first
level' computer codes based on regression
analysis of historical data. Consider how much

more efficient this process could be if CFD tools
such as those discussed in this symposium were
integrated into CAE/CAD/CFD/CAM/DBMS
systems which would be used to solve such
problems in the future.
"Consequently, hull geometry codes, CFD codes,
model tank testing and other hull form design
tools would be more useful to the ship design
community if they were efficiently linked to each
other and to standardized neutral format databases containing hull form and propeller
geometry data from previous ship designs and the
corresponding
hydrodynamic
performance
characteristics from both model and full scale
tests. Using computer-linked combinations of
design tools, a naval architect could accurately
and expeditiously
optimize
hydrodynamic
performance and compare his/her design with
other ship hull forms with similar mission
requirements." [2]
There are large international programs attempting to
standardize the electronic transfer of manufacturing
(product definition) data from preliminary design
through production [4], [5]. These phases of the
production cycle consume approximately 95% of the
total costs, so making data transfers more efficient can
make for large cost savings, even when the design
requires only a few changes before entering production.
It is estimated, however, that concept design, which is
generally less than 5% of total costs, commits 40% to
60% of later spending and that the cost of design
changes increases by an order of magnitude at each
major stage of design and production. [6]
Let us consider the historical and current developments
in integrated vehicle design systems, especially those
aspects of hydrodynamic analysis during hullform design
which can make "Concurrent Engineering" cost effective
for the ship design process.
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2.

THE
DEVELOPMENT
OF
VEHICLE DESIGN SYSTEMS

INTEGRATED

One of the first large scale attempts to reduce time and
cost and consequently the number of "bottlenecks" in the
design process for complex systems was the IPAD
(Integrated Programs for Aerospace-Vehicle Design)
Project carried out from 1971-1984 as a $30M
cooperative government/industry
venture under the
sponsorship of NASA, and later the U. S. Navy (see
Fulton [7]). The principal contractor on the project
was the Boeing Commercial Airplane Company from
1976-1984. According to Miller, [8]
''The requirements were for a general purpose,
interactive computer aided engineering (CAE)
system capable of supporting engineering data
associated with the design process, including
manufacturing interfaces.
The system would
serve management and engineering staffs at all
design levels as well as the downstream
manufacturing processes." [8]
The goal of the project was to improve aerospace
productivity through better CAD/CAM information
management including the development of a prototype
for a future integrated CAD system.
The IPAD project envisioned a global database
management system built around a common Relational
Information Management (RIM) database manager
(Blackburn [9]). Various schemes for storing the
necessary geometric data included the use of the Initial
Graphics Exchange Specifications (IGES) derived from
experience gained with the Boeing CAD/CAM
Integrated Information Network (CIIN) and General
Electric's Neutral Database [10] as well as other
approaches [11]. Fulton [7] concluded that,
•...a single product definition database containing
an electronic description of the designed products
that are being constructed or manufactured is a
keystone to the successful utilization of
CAD/CAM technology .... (however) a key data
management requirement not yet commercially
available is the ability to manage unified
CAD/CAM
information
distributed
across
computers of different manufacture ....(thus) the
original intent of an integrated software system
was abandoned
as being too expensive,
inappropriate for NASA, and not the best use of
the limited R&D resources." [7]
2.1

Hullform Design/Manufacturing
Developments

Support Database

Today, there are numerous design/manufacturing
support databases for many aspects of ship, aircraft, and

land vehicle design. Most frequently they are used to
store the details of the post-conceptual design process
for use in the manufacturing process: drawing numbers,
weight estimates, arrangements plans, parts lists,
structural details and other information needed to
produce a product or system. If one considers the stages
of the so-called basic ship design spiral (see Figure 3
from Taggert [12]),
existing integrated database
development efforts have largely concentrated on
interfacing the output of the preliminary design process
with the contract and detail design and manufacturing
process, i.e. the CAD/CAM/CIM
(Computer-Aided
Design/Computer-Aided
Manufacturing/Computer
Integrated Manufacturing) link. It is in this part of the
ship production life cycle that cost savings have been
considered most important.
2.2

Proprietary
Hydrodynamic
Hullform
Support Database Developments

Design

To support the research, analysis and development
phases of the hullform design process, a number of
organizations have built databases to store towing tank
and wind tunnel data. These databases, discussed by
Johnson [2], are used by individual organizations to
make comparative performance studies of various
vehicles whose characteristics lie within the bounds of
their databases. Except for recent discussions within the
International Towing Tank Conference community
[13] however, proposals to develop standardized neutral
data
exchange
formats
for the
comparative
hydrodynamic analysis stages of conceptual design and
for the ship performance estimation phase of preliminary
design have not been pursued. This may be the result of
not only the proprietary nature of a particular ship
design but also the fact that the early stage comparative
analysis studies represent a small fraction of the life
cycle cost of a large ship and, with few exceptions, the
hydrodynamic analysis comparisons are not passed along
to the next stage of ship design/production. Regardless
of the reasons, however, inter-database comparisons are
presently limited to "hardcopy" data exchanges since
nearly all proprietary hydrodynamic design systems
presently lack the ability to exchange digital
hydrodynamic data with each other.
Thus it is not surprising that one cannot yet identify a
ship which was designed using an integrated
CAE/CAD/CFD/CAM/DBMS
system which directly
links validated computational fluid dynamics (CFD) tools
to a database containing easily retrieved information on
the geometry and performance characteristics of
previously tested vehicles with similar mission
requirements.
What is surprising, however, is that integrated
aerodynamic design database systems are apparently not
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yet operational in the aircraft industry in spite of the
progress made during the IPAD project. One might
expect that integrated aircraft design and manufacturing
companies would have fewer proprietary data exchange
problems than those non-integrated industries which
have separate
design, testing and construction
organizations.
However, because designer/builders
frequently have industrial partners and sub-contractors
with dissimilar computer environments, performance
data exchange problems are nearly universal during the
conceptual design phase for all types of performance
oriented vehicles.

2.3.3 Other Hydrodynamic Design Support Systems
Johnson [2] also summarizes much of the published
literature
concerning
various
other proprietary
hydrodynamic design support systems. Typical Personal
Computer/workstation based hull fairing programs are
reviewed by Ames [24].
I look forward to hearing about several other integrated
hydrodynamic design support systems being discussed by
several authors during this symposium.
2.3.4 Integrated "Hydro-Numeric Design" Systems

2.3 Proprietary Hydrodynamic Design Support Systems
2.3.1 MARIN (Marine Research Institute, Netherlands)
In 1983, MARIN began developing HOSDES, an
integrated concept design system for high speed naval
ships with support from the Dutch Navy. HOSDES is
one of the most highly integrated ship design systems
developed to date. HOSDES includes a CAD (graphics)
system, CADAS (Computer-Aided Design Analysis)
modules,
and HYDDB
(Hydrodynamic
Design
Database) capabilities. A number of papers (Koops
[14], Ooman [15], van Oossanen [16], Koops
[17], van Oortmerssen [18], Glijnis [19], Koops
[20]) have described the HOSDES system which
includes the following elements:
1) Support Systems including a System Management
Subsystem, a User-Interface
Management
Subsystem (UMIS), a Swedish relational DBMS
"MIMER", and a Designer Guidance Subsystem
(the "Assist" Expert System).
2) Application
Systems
including
various
computational
levels of software analysis
programs for hull geometry, powering, mass
distribution, hydrostatics, motions, strength,
dynamics, endurance and engine configuration.
The HOSDES system has now been expanded to include
merchant ships (MARDES, discussed in Glijnis [19]).
We all look forward to learning more about this system
during this symposium.
2.3.2 BMT (British Maritime Technologies)
The various CAE/CAD/CAM
software packages
available from BSRA/BMT have been discussed in a
number of papers [21], [22], [23] concerning
the BRITSHIPS/BRITDES systems. The BRITSHIPS
CAD/CAM system has a direct interface with the
BRITDES system. The HYDDB STARTER database
associated with the BRITDES system is discussed by
Johnson [2].

Nils Salvesen of SAiC was scheduled to discuss IDEAS:
Interactive Design, Evaluation and Analysis System at
this symposium. IDEAS is currently under development
in Annapolis, MD and will be discussed by Fritts [25]
during the mini-symposium on "Hydro-Numeric Design"
at the 1990 SNAME Annual Meeting. IDEAS will
incorporate various flow codes for resistance, seakeeping
and performance assessment tied to a user-friendly hull
geometry design package "FASTSHIP" (in use by
undergraduate naval architects at the U. S. Naval
Academy). IDEAS will eventually be linked to the U. S.
Navy/U. K. Navy Hull Form Design Database (HDDS)
[2].
Also during the 1990 Annual Meeting of SNAME, Lars
Larsson [26] will discuss the SHIPFLOW design
support system developed by SSPA/FLOWTECH
International, AB., which consists of an extensive set of
CFD tools for calculating the potential flow with free
surface, the boundary layer and the viscous flow in the
stern region of a ship. (These methods will be discussed
in the next section of this paper.)
The degree of
integration with a CAD system for hull geometry is not
mentioned in an early version of the paper.
3. CURRENT
DESIGN

STATUS

OF

CFD

IN VEHICLE

The generally acknowledged
leaders
in using
computational fluid dynamics methods as significant
tools in the design of production vehicles are the aircraft
and high performance yacht design communities. CFD
has been effectively used in partnership with wind tunnel
and towing tank testing to optimize those aspects of
vehicle performance which depend on a detailed
description of the flow fields. The documented success
stories which are validated to some degree by full scale
performance trials will be reviewed in this section of the
paper.
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3.1 The Use of CFD in the Aircraft Industry
The valuable and recent survey of "CFD Application to
Complex Configurations" was authored by Edward
Tinoco [27] of the Boeing Commercial Airplane
Company. According to Tinoco,
"CFD has joined the wind tunnel and flight test
as a principal technology for aerodynamic
design .... Airplanes are flying today that may not
have been deemed practical if not for the insight
provided by CFD studies. On the basis of CFD
analysis, modifications such as the addition of
new engines, antennas, or sensor pods have been
incorporated into existing airframes with little or
no wind tunnel testing before flight... ..To aid in
the design of such complex configurations, the
engineering community needs computational
tools that faithfully represent the dominant flow
physics and the required geometric complexity
and are capable of providing reliable solutions in
a timely, affordable manner. This is a difficult
and as yet unfilled order by any single method.
The approach in industry has been to assemble a
collection of CFD tools that meet the preceding
requirements to varying degrees." [27]
Tinoco then makes the distinction between what he
terms "production tools" which are well documented,
validated as to range of applicability, and can be run by
"nonexpert" CFD users. Production tools include most
linear panel methods and many full-potential codes.
"Expert user" codes generally require complex field grid
generation, run on a supercomputer, and include codes
based on the Euler and/or Navier-Stokes equations.
Again quoting from Tinoco,
"The choice of what level of flow physics
formulation to use on a particular problem
requires the user to have some idea of what
physics is relevant... .. Experience has shown that
methods based on the linear potential and fullpotential formulations can be routinely converged
to a higher level of accuracy than has been
practical with methods based on the Euler or
Navier-Stokes formulation." [27]
Another recent paper by Goldhammer and Rubbert
[28] of the Boeing Company makes the point that
although the fluid mechanics community has always been
interested in modeling fluid flow problems as accurately
as possible,
"The connection between physical insight and the
mathematical formulations is perhaps not as
strong in today's CFD researcher.
The very
solution of the basic fluid mechanics equations
has been taken over by mathematicians and
computer scientists who program supercomputers
to solve
the
equations
by numerical

approximation. But the solutions are really only
the beginning of providing an engineering tool to
improve the technology of airframe design." [28]
This concern was also expressed by Jameson [29] in
his keynote address to the 8th AlAA CFD Conference
in 1987.
"...the disparity of scales in turbulent flow is so
large that direct simulation is not likely to be
feasible without radical developments
in
computer technology
Progress in simulating
separated viscous flows may now be more
dependent
on improvement in turbulence
modeling than it is on algorithm development."
[29]
The Advisory Group for Aerospace Research &
Development (AGARD) has sponsored numerous panel
and working group meetings of specialists in various
areas of CFD. Summaries of two recent meetings
provide a good state-of-the-art view of critical issues in
the use of CFD in vehicle design. AGARD Advisory
Report No. 257 [30] is a technical evaluation report
of a 1988 meeting of the Fluid Dynamics Panel
concerning the validation of CFD codes. One of the
panel co-chairmen, R. G. Bradley, made the following
distinction between "Validation" and "Calibration" which
is applicable to ship hydrodynamics as well,
"Four categories of experiments are required to
achieve a mature CFD capability:
1. Experiments to understand flow physics
2. Experiments to develop physical models
3. Experiments to calibrate CFD codes
4. Experiments to validate CFD codes
Bounds of errors, for numerical CFD solutions as
well as for experimental data, have to be
evaluated carefully." [30]
Although billed as a CFD validation symposium, the
evaluation report by Sacher [30] observed that at least
50% of the papers were commercials for the huge
variety of existing' computer codes, i.e., "Software Power".
(This problem exists at many conferences on numerical
methods in both aero and hydro dynamics.) Among his
conclusions Sacher observed that,
"Databases for flow code validation have to be
specially designed, carefully performed during the
wind tunnel tests, and all boundary conditions
have to be specified in addition ....(in this respect)
'External flow people' seem to be better
organized than 'internal flow engineers'." [30]
This comment was made in reference to the existence of
relatively adequate experimental databases (format
unspecified) specially tailored for the validation of
vorticity dominated external flow codes. Sacher noted
the lack of experimental databases for validation of
internal flows (especially at high Reynolds numbers)
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where the physics is dominated by large viscous shear
layer regions and viscous wakes.
AGARD Advisory Report No. 256 [31] is a State of
the Art Technical Status Review on Drag Prediction and
Analysis from Computational Fluid Dynamics with
forward and conclusions written by J. W. Slooff of the
Netherlands.
A number of Slooffs conclusions are
worth repeating for this symposium:
• "Accurate and consistent computation through
CFD of (absolute) drag levels for complex
configurations is, not surprisingly, beyond reach
for a considerable time to come [because of
difficulties with grid generation, turbulence
modeling, grid resolution, speed and economics
of computation J.
• "For separated flows, inadequate turbulence
modelling in combination with inappropriate grid
clustering and refinement are problem areas even
in 2D airfoil flow where most but not all codes
can now predict drag with an accuracy of within
about 5%. (,But we don't fly airfoils!')
• "Navier-Stokes codes typically do not (yet)
involve drag prediction except for 2D airfoil
flows. Even then they do not do a better job
than zonal methods involving potential flow or
Euler
schemes
coupled
with
boundary
layers ....For (Reynolds-averaged) Navier-Stokes
methods the identification and quantification of
the viscous, induced and wave drag components
is as yet unclear and might even be impossible
without introducing certain assumptions with
respect to the asymptotic structure of the flow
field." [31]
Charles Boppe [32] of Grumman Corporation agrees
with Slooff that consistent and accurate CFD predictions
of absolute drag level for aircraft configurations are
currently beyond reach. In other papers concerning
computational aerodynamic design [33], Boppe cites
the successful use of CFD in solving design challenges
for the X-29 forward swept wing demonstrator aircraft
and the evolutions in the Gulfstream series corporate jet.
Judging from the tentative program, we will hear other
success stories concerning the integration of CFD into
the vehicle design process.
3.2 The Use of CFD in Yacht Design
The dramatic loss of the America's Cup to the
Australian challengers in 1983 proved to be a "milestone
event" in the history of the use of CFD in marine design.
The integration of CFD methods in combination with
tank testing as discussed by van Oossanen [34] and
Slooff [35] radically and permanently changed the
methodology for high performance yacht design. Dutch
naval architects and aerodynamicists developed the

complimentary use of CFD tools and tank testing to
design the famous ''winglets'' on Australia II's keel.
Slooff and van Oossanen became "media personalities"
for a short time and were sporting enough to share their
new methods [34, 35] with the Americans, who promptly
went to work on their own versions of this Dutch
methodology and proceeded to win the Cup back in 1987
[36], [37], [38], [39]. This
integrated
use
of CFD, tank testing and performance analysis codes is
now an essential part of high performance yacht design.
(See, for example, Greeley [40].)
3.3 The Use of CFD in Ship Design
The state-of-the-art (as of 1987) concerning the role of
CFD in Ship Design was summarized by Morgan and
Lin [41] during the Group Discussion on the Impact
of Numerical Techniques in Tankery during the 18th
I'Tl'C, At that time Morgan and Lin concluded,
"In general, one can say that most solutions today
which have practical application are solutions
derived from linear theories where viscosity is
neglected .....Although more work needs to be
done for blunt bows and transom sterns, the
wave resistance of fine form ships can often be
predicted with a degree of accuracy that is
comparable to that measured experimentally.
"...In all viscous flow calculations at any
significant Reynolds number it is presently
necessary to resort to Reynolds averaged
equations rather than the full Navier-Stokes
equations. As a result, some sort of artifice,
generally referred to as turbulence modeling,
must be used to approximate the turbulence in
the flow.
"...The computational tools now available always
give better results to problems where viscous
effects are small. Examples are the prediction of
ship motions, wave resistance, and propeller
action." [41]
Various ship motions programs, generally based on
linear strip theory, are regularly used during the ship
design process. The effect on ship motions of significant
changes in hull form geometry is predicted reasonably
well for moderate sea conditions. One must be careful,
however, about how a particular version of a code
specifies the directional characteristics of the sea
conditions. The severe rolling problems caused by the
addition of blisters to the U. S. S. Midway (Ricketts
[42]) illustrates the need to number and catalog the
capabilities and limitations of various versions of all
CFD codes. According to Ricketts,
"It should be noted, however, that these
assessments assumed a theoretical short-crested
seaway with a cosine-squared energy spread and
did not account for frequent real-world situations
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where a low-frequency ground swell is present in
combination with a local wind-generated sea, the
two coming from very different directions." [42]
None of the existing programs appear to be sensitive to
small changes in hull geometry, but seakeeping model
tests are not all that sensitive to small geometry changes,
either. Time domain predictions of large amplitude
motions in non-breaking seas as discussed by Lin and
Yue [43] show promising initial results, but are so far
limited to regular wave examples for relatively simple
hull forms. A major development in this method is an
automatic geometry repanelizer to account for changing
underwater geometry as a result of the time dependent
free surface.
The prediction of the motions of small craft in breaking
extreme seas is a long way from being solved. Although
the use of potential flow theory to describe steep gravity
waves is the subject of validation studies (Dommermuth
[44]), the more sophisticated types of ship motion
analysis codes are not adequately validated and
therefore contribute little to the hullform design process.
Part of the validation problem is the lack of adequate
full scale ship motions data in measured directional seas
(Kjeldsen [45]).
I look forward to the future
integration of directional sea data (with and without
extreme waves present) and time domain ship motions
codes for the prediction of ship motions in realistic
seaways. At the present time we can only speculate
whether or not this problem will be computable (see
section 4.1) at some future date.
On the other hand, wave resistance codes appear to be
sensitive to small changes in hull form geometry such as
bow bulb configurations for high speed ships (Hoyle
[46]). These potential-flow codes are gaining acceptance
by the design community, especially as an "order of
merit" ranking technique for hull form candidates in
order to reduce the scope of model testing. They have
been adapted to transom sterned ships (Cheng [47]),
yacht testing (see previous section) and in partially
integrated systems (see FLOWTECH discussion below).
Slender-ship codes show promise (Noblesse [48]) in
the prediction of far-field wakes, but presently lack the
ability to correctly predict sinkage and trim, as near-field
potential-flow codes can do, especially if they are
iterated using the correct free surface boundary
condition.
As to the impact of CFD on propeller design, Morgan
and Lin [41]' stated,
"The use of propeller design methodology based
on lifting-line and lifting-surface theories has
become routine for conventional propellers.
These techniques have led to the practical
development of the highly-skewed propeller for

reducing vibration and cavitation. The design of
a propeller operating in uniform flow using CFD
is also a matter of routine. Nevertheless, as
these theoretical techniques still depend on the
lift-curve slope being independent of Reynolds
number, difficulty remains in using these
techniques to predict the performance of an
existing propeller with arbitrary camber lines."
Morgan and Lin also discuss the difficulties in predicting
the effects of cavitation and propeller-induced vibrations
since these phenomena depend on viscous flow effects,
hull-propeller and wake interactions.
As to the future of CFD developments, Morgan and Lin
conclude,
"It will be many years before the full NavierStokes equations can be solved on a computer at
the ship-scale Reynolds numbers to the detail
necessary ......the progress toward the solution of
the Navier-Stokes
equations for complex
geometries at high Reynolds numbers has been
disappointingly slow......(however) if the CFD
prediction does not compare well with the
experiment, there is always the question of
whether the problem is with the theory or the
experiment, or both." [41]
As an alternative to solving the viscous equations of
motion around the entire ship hull, Larsson and his coworkers at SSPAjFLOWTECH
[26], [49] have
proposed dividing the flow into three zones, a procedure
also used by Hoekstra [50] of MARIN and similar to
methods used by the aircraft industry as discussed at the
1987 AlAA CFD Conference [29].
Larsson's
SHIPFLOW method defines the following separate
regions which have defined interactions within the
various codes:
Zone 1- the potential flow (including free surface)
outside the boundary layer,
Zone 2- the boundary layer over that portion of the hull
length where boundary layer integral methods may be
applied, i.e., the layer is thin relative to the local radius
of curvature and no separation is present, and
Zone 3- the stern and wake regions where the flow field
must be calculated using a form of the Navier-Stokes
equations.
This integrated CFD system has been used in various
forms for more than 30 projects since 1983. SHIPFLOW [51]
does not currently predict the correct inflow into the
propeller of ships with significant bilge vortices.
However, the iterative methods used to calculate the
free surface wave greatly improve the prediction of
sinkage and trim.
The various references to
SHIPFLOW do not discuss the CAD interface in any
detail.
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4.

MATHEMATICAL MODELING IN CLASSICAL
MECHANICS

4.1 The Limits of Computing
Recently I read a fascinating book entitled The
Emperor's New Mind [52] by Roger Penrose, Rouse
Ball Professor of Mathematics at Oxford University. In
Penrose's view,
"...it is our present lack of understanding of the
fundamental laws of physics that prevents us
from coming to grips with the concept of 'mind'
in physical or logical terms." (page 4)
The book reviews the present status of our knowledge of
the existing laws of physics and discusses the
corresponding limits placed on our knowledge of the
physical world and on the future possibilities for artificial
intelligence.
In reviewing the basis for recursive and non-recursive
mathematics, Penrose makes an important distinction
between the deterministic nature of many of the existing
laws of classical (Newtonian) physics and whether or not
various physical phenomena are algorithmic in a useful
way, i.e.,
"Computability is a different question from
determinism." (page 170)
"...'determinism' means that initial data at one
particular time completely fix the behaviour at all
other times." (page 214)
"There is a sense, however, in which this world is
'non-computable' in practice. This arises from
the fact that the accuracy with which the initial
data can be known is always limited." (page 173)
"....no matter how accurately we know the initial
state of a system (within some reasonable limits),
the uncertainties will tend to grow in time and
our initial information may become almost
useless. Classical mechanics is, in this kind of
sense, essentially unpredictable. (Recall the
concept of' chaos' considered above.)" (page 183)
"The future behavior (of chaotic phenomena)
would still be determined, right from the big bang,
even though we would be unable to compute it."
(page 432) [52]
Penrose then makes the case that true intelligence
cannot be present unless accompanied by consciousness
which includes essentially non-algorithmic ingredients.
Thus true intelligence (including judgement-forming)
cannot be properly simulated by algorithmic means. In
fact,
"...the decision as to the validity of an algorithm
is not itself an algorithmic process!" (page 414)
This conclusion has important implications for the
discussion on future directions in "intelligent" ship design
systems (see Section 6 below).

4.2 The Equations of Motion for CFD
The major focus for solving viscous flow problems in
ship hydrodynamics appears to center around attempts
to use some version of the Navier-Stokes equations
without any real effort to ask the question, "which form
of the equations of motion contains a reasonable model
of the fluid flow conditions present in the problem at
hand"? It would appear that most investigations regard
the Navier-Stokes equations as the basic equations of
motion rather than a very special form for which the
normal and shear stresses are linear functions of the
deformation rate tensor. Let us review the mathematical
basis for various formulations of Newton's Second Law
as applied to continuum mechanics in general and fluid
mechanics in particular. Excellent treatments of the
subject are found in Rutherford Aris' book Vector.s,
Tensors, and the Basic Equations of Fluid Mechanics
[53] and James Serrin's "Mathematical Principles of
Classical Fluid Mechanics" in Handbuch der Physik, Vol.
VIIIjl. [54]
Figure 1, which I developed while
teaching a high level undergraduate fluid mechanics
course over 20 years ago, illustrates the relationships
between the various "equations of motion". Note that
decades of time are involved in working from left to right
in Figure 1.
4.2.1 Descriptions of "Fluid Particle" Motions
The purpose of solving the various differential equations
of fluid motion is to calculate the flow fields associated
with the problem at hand. (Most integral methods use an
assumed flow field to calculate gross properties of the
flow such as lift and drag of a hydrofoil, etc.) In order
to set up the equations of motion of a "fluid particle" we
recall from the concept of continuum mechanics (see
Shapiro [55]) that a fluid particle represents the
smallest "material" volume liVm which contains so many
molecules as to make statistical averages meaningful, i.e,
a density equal to mass per unit volume can be assigned
to each particle in a flow field.
To describe the motion of a fluid particle using
"material" or "convected" coordinates (a Lagrangian
description), a given particle of fixed mass (a closed
system in thermodynamics) is tracked as it deforms while
convected through space with time (Aris [53], p 83). A
"field" description attempts to describe the motion
relative to a set of spatial coordinates in which different
fluid particles occupy a given field point from instant to
instant (a control volume approach in thermodynamics).
Newton's laws of motion (1682) are formulated in
"material" coordinates, but strictly apply only to the
motion of the center of mass. Euler (1759) developed
what is now called the Euler Equations to describe the
motion of continuous media in the absence of shear
stresses (inviscid flow of "perfect fluids"). In 1823,
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Cauchy introduced the concept of the stress tensor which
led to the development of what is now called Cauchy's
Equation oj Motion (1828) which is valid for any
continuous fluid no matter bow the stress tensor T is
related to the fluid kinematics. ([53], p 102, [54], P 135)
The basic postulate concerning the linear momentum
equation for a material volume (a fixed mass for which
Newton's Second Law is valid) is as follows,
''There exists a frame of reference (an inertial frame)
for which, at any instant, the rate of change of linear
momentum of a material volume V m is equal to the
resultant force acting on the mass in that volume."
i.e.
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but because of the equation of continuity
incompressible fluids, divV = 0 [53] so
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Since the material volume Vm is arbitrary, the integrand
must vanish everywhere in the flow region and one
obtains Cauchy's Equation of Motion
divT + pf - pDV/Dt

=

=

-grad p

The resulting Euler Equa:tions of Motion were
developed by L. Euler in 1755-56, over 65 years before
the stress principle of Cauchy (Serrin [54]) and are given
in vector form
pDV/Dt

Thus the use of the divergence (Green's) theorem allows
the collection of all the terms into a single integrand as
follows

J

where D.. is defined as the symmetric deformation rate
tensor arid or is defined as the anti-symmetric spin or
rotation tensor. (Notation is not consistent in these
definitions and the factor 1/2 mayor may not be
included. Sr is frequently used to represent the rate of
strain (defoimation rate) tensor rather than Dl!" This
problem is beginning to be addressed by the Symbols
and Terminology Group of the ITTC. [56]) Note
that the deformation rate tensor, D, is invariant to all
observers (for Galilean transformations), while the spin
tensor, 0, is not invariant.

divT

and by use of the divergence theorem

f

0

or rearranged in cartesian tensor notation

Oi/2

For a perfect (ideal) fluid, i.e. the viscosity equals 0, the
shear stresses vanish in equation 1, and

Velocity vector (Vjare the components)

D/Dt =

(2)

(v..
J.t + v·t,) .)/2 + (vJ.t . - v,I,) .)/2

Vm
where

J»

T·').1

Cauchy's Equation of Motion contain 15 dependent
variables plus 4 basic variables. It is also non-linear
because ofthe convective acceleration terms. Obviously,
many additional equations to reduce the number of
dependent variables would be required to solve these
equations directly.
As a first step, "constitutive
equations" relating the stress tensor, Tjj, to some function
of the velocity gradient tensor, Vj, j, and the
thermodynamic pressure, p, are used. ([53J, p. 107) It is
customary to separate the velocity gradient tensor into
its symmetric and anti-symmetric components, i.e.

or
D/Dt {JpV dVm}

+

(1)

= pf - grad p

(3)

The notion of viscous fluidity was developed 90 years
later by G.G. Stokes in 1845. Stokes stated,
"...that the difference between the pressure on a
plane in a given direction passing through any
point P of a fluid in motion and the pressure
which would exist in all directions about P if the
fluid in its neighborhood were in a state of
relative equilibrium depends only on the relative
motion of the fluid immediately about P and that
the relative motion due to any motion of rotation
may be eliminated without affecting the
difference of the pressures above mentioned."
(bold mine) [57]
The statement in bold font indicates that Stokes
postulated that "material invariance" was an essential
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concept when defining material properties of viscous
fluids long before Noll [58] formalized the "axiom of
objectivity" for constitutive equations used in continuum
mechanics. Serrin [54] defines a large class of real
"Stokesian Fluids" as those which have the following
characteristics,
1. The stress tensor Tijis a continuous function of
the deformation tensor Dij and the local
thermodynamic state, but independent of other
kinematical quantities.
2. The fluid is homogeneous.
3. The fluid is isotropic.
4. When there is no deformation, the stress is
hydrostatic, i.e. Tlj= -poij .
A Newtonian fluid is defined as a linear Stokesian fluid,
which for incompressible flow has the following
constitutive equation (compressible flows are only
slightly more complex).
Tij= -poij + p.Dij

(4)

where p. is the dynamic viscosity.
Combining equations (1) and (4) one obtains the
Navier-Stokes Equations for incompressible flow,
pDV/Dt =

pf -

grad p + div(p.D)

(5)

or

av./at + vv- .
)

1),1)

= f. - grad pip

since the kinematic viscosity

v

+ (vDi) i
,

(6)

where

ut = time
uj

=

RAI)

=

(7)

A limited set of laminar flows in simple geometries have
exact solutions of Eqn (7). For inviscid flow, Eqn (7)
reduces to the Euler Equation (3).
4.2.2 Turbulence Modeling

To discuss the "Reynolds-Averaged Navier-Stokes
equations" (RANS) using ordinary text mode on a word
processor, the overscore on time-averaged quantities
(avaiJable only as a macro or in graphics mode for
equations) will be replaced by the superscript A (a
recent proposal of M. Schmiechen [56]) added to the
notation for Reynolds stress, Rit_used by Lumley [59]
in his 1970 paper, "Toward a Turbulent Constitutive
Relation". Thus we define the time varying velocity
vector components as

(8)

averaged local velocity,

fluctuating velocity, and
-(pU.U.)A
= -pU-:-U-:I)
I
)

(9)

RA = time averaged Reynolds stress tensor whose
components are given by Eqn (9)
(The above definition may not outlast this symposium
because of possible confusion with the correlation
coefficient RA,Bdefined by Hinze [60] and others, but
something needs to be done in an age when authors use
their own personal computers to write papers.)
The derivation of the RANS equations may be found in
Hinze [60], Tennekes and Lumley [61] and other
texts and will not be repeated here. Both Hinze and
Tennekes and Lumley begin their derivations with
Cauchy's equation of motion (Eqn (1), above) and use
the rules for evaluating the effects of time averaging on
the substitution of Eqn (8) in Eqn (6). The resulting
Reynolds stress term, R/, which. comes from the
acceleration terms in Eqn (6), is combined with Eqn (4)
to obtain the following constitutive equation
T.I)

For laminar flow of an incompressible fluid with
constant kinematic viscosity, v can be factored outside
the derivative with respect to Xi

+ u·)

so that

= p./ p

pDV/Dt = pf - grad p + p. divD

= U)A

v.(t)
)

= _pAo.. +

IIDA

I)'"

I)

+ RAI)

(10)

or

This equation in combination with Cauchy's equation of
motion for the mean flow yields the Reynolds-Averaged
Navier-Stokes (RANS) equation without any assumptions
about eddy viscosity.
pDUA/Dt =

prA

_

grad pA + div(vDA + RA)

(11)

Many papers concerning CFD for viscous flows use the
so called "Boussinesq assumption" that the Reynolds
stress can be linearly related to the average deformation
rate by using an "apparent" or turbulent eddy viscosity,
Vt'
i.e.
(12)
so that the implied constitutive equation for turbulent
flow having a linear relationship between mean stress
and mean deformation rate' becomes
(13)
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3.1 The Use of CFD in the Aircraft Industry
The valuable and recent survey of "CFD Application to
Complex Configurations" was authored by Edward
Tinoco [27] of the Boeing Commercial Airplane
Company. According to Tinoco,
"CFD has joined the wind tunnel and flight test
as a principal technology for aerodynamic
design .... Airplanes are flying today that may not
have been deemed practical if not for the insight
provided by CFD studies. On the basis of CFD
analysis, modifications such as the addition of
new engines, antennas, or sensor pods have been
incorporated into existing airframes with little or
no wind tunnel testing before flight.....To aid in
the design of such complex configurations, the
engineering community needs computational
tools that faithfully represent the dominant flow
physics and the required geometric complexity
and are capable of providing reliable solutions in
a timely, affordable manner. This is a difficult
and as yet unfilled order by any single method.
The approach in industry has been to assemble a
collection of CFD tools that meet the preceding
requirements to varying degrees." [27]
Tinoco then makes the distinction between what he
terms "production tools" which are well documented,
validated as to range of applicability, and can be run by
"nonexpert" CFD users. Production tools include most
linear panel methods and many full-potential codes.
"Expert user" codes generally require complex field grid
generation, run on a supercomputer, and include codes
based on the Euler and/or Navier-Stokes equations.
Again quoting from Tinoco,
'The choice of what level of flow physics
formulation to use on a particular problem
requires the user to have some idea of what
physics is relevant.. ... Experience has shown that
methods based on the linear potential and fullpotential formulations can be routinely converged
to a higher level of accuracy than has been
practical with methods based on the Euler or
Navier-Stokes formulation." [27]
Another recent paper by Goldhammer and Rubbert
[28] of the Boeing Company makes the point that
although the fluid mechanics community has always been
interested in modeling fluid flow problems as accurately
as possible,
"The connection between physical insight and the
mathematical formulations is perhaps not as
strong in today's CFD researcher.
The very
solution of the basic fluid mechanics equations
has been taken over by mathematicians and
computer scientists who program supercomputers
to solve
the
equations
by numerical

approximation. But the solutions are really only
the beginning of providing an engineering tool to
improve the technology of airframe design." [28]
This concern was also expressed by Jameson [29] in
his keynote address to the 8th AIAA CFD Conference
in 1987.
.
"...the disparity of scales in turbulent flow is so
large that direct simulation is not likely to be
feasible without radical developments
in
computer technology
Progress in simulating
separated viscous flows may now be more
dependent
on improvement in turbulence
modeling than it is on algorithm development."
[29]
The Advisory Group for Aerospace Research &
Development (AGARD) has sponsored numerous panel
and working group meetings of specialists in various
areas of CFD. Summaries of two recent meetings
provide a good state-of-the-art view of critical issues in
the use of CFD in vehicle design. AGARD Advisory
Report No. 257 [30] is a technical evaluation report
of a 1988 meeting of the Fluid Dynamics Panel
concerning the validation of CFD codes. One of the
panel co-chairmen, R. G. Bradley, made the following
distinction between "Validation" and "Calibration" which
is applicable to ship hydrodynamics as well,
"Four categories of experiments are required to
achieve a mature CFD capability:
1. Experiments to understand flow physics
2. Experiments to develop physical models
3. Experiments to calibrate CFD codes
4. Experiments to validate CFD codes
Bounds of errors, for numerical CFD solutions as
well as for experimental data, have to be
evaluated carefully." [30]
Although billed as a CFD validation symposium, the
evaluation report by Sacher [30] observed that at least
50% of the papers were commercials for the huge
variety of existing'computer codes, i.e., "Software Power".
(This problem exists at many conferences on numerical
methods in both aero and hydro dynamics.) Among his
conclusions Sacher observed that,
"Databases for flow code validation have to be
specially designed, carefully performed during the
wind tunnel tests, and all boundary conditions
have to be specified in addition ....(in this respect)
'External flow people' seem to be better
organized than 'internal flow engineers'." [30]
This comment was made in reference to the existence of
relatively adequate experimental databases (format
unspecified) specially tailored for the validation of
vorticity dominated external flow codes. Sacher noted
the lack of experimental databases for validation of
internal flows (especially at high Reynolds numbers)
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where the physics is dominated by large viscous shear
layer r~gions and viscous wakes.
AGARD Advisory Report No. 256 [31] is a State of
the Art Technical Status Review on Drag Prediction and
Analysis from Computational Fluid Dynamics with
forward and conclusions written by J. W. Slooff of the
Netherlands.
A number of Slooffs conclusions are
worth repeating for this symposium:
• "Accurate and consistent computation through
CFD of (absolute) drag levels for complex
configurations is, not surprisingly, beyond reach
for a considerable time to come [because of
difficulties with grid generation, turbulence
modeling, grid resolution, speed and economics
of computation].
• "For separated flows, inadequate turbulence
modelling in combination with inappropriate grid
clustering and refinement are problem areas even
in 2D airfoil flow where most but not all codes
can now predict drag with an accuracy of within
about 5%. (,But we don't fly airfoils!')
• "Navier-Stokes
codes typically do not (yet)
involve drag prediction except for 2D airfoil
flows. Even then they do not do a better job
than zonal methods involving potential flow or
Euler
schemes
coupled
with
boundary
layers....For (Reynolds-averaged) Navier-Stokes
methods the identification and quantification of
the viscous, induced and wave drag components
is as yet unclear and might even be impossible
without introducing certain assumptions with
respect to the asymptotic structure of the flow
field." [31]
Charles Boppe [32] of Grumman Corporation agrees
with Slooff that consistent and accurate CFD predictions
of absolute drag level for aircraft configurations are
currently beyond reach. In other papers concerning
computational aerodynamic design [33], Boppe cites
the successful use of CFD in solving design challenges
for the X-29 forward swept wing demonstrator aircraft
and the evolutions in the Gulfstream series corporate jet.
Judging from the tentative program, we will hear other
success stories concerning the integration of CFD into
the vehicle design process.
3.2 The Use of CFn in Yacht Design
The dramatic loss of the America's Cup to the
Australian challengers in 1983 proved to be a "milestone
event" in the history of the use of CFD in marine design.
The integration of CFD methods in combination with
tank testing as discussed by van Oossanen [34] and
Slooff [35] radically and permanently changed the
methodology for high performance yacht design. Dutch
naval architects and aerodynamicists developed the

complimentary use of CFD tools and tank testing to
design the famous "winglets" on Australia II's keel.
Slooff and van Oossanen became "media personalities"
for a short time and were sporting enough to share their
new methods [34, 35] with the Americans, who promptly
went to work on their own versions of this Dutch
methodology and proceeded to win the Cup back in 1987
[36], [37], [38], [39]. This
integrated
use
of CFD, tank testing and performance analysis codes is
now an essential part of high performance yacht design.
(See, for example, Greeley [40].)
3.3 The Use of CFD in Ship Design
The state-of-the-art (as of 1987) concerning the role of
CFD in Ship Design was summarized by Morgan and
Lin [41] during the Group Discussion on the Impact
of Numerical Techniques in Tankery during the 18th
ITIC. At that time Morgan and Lin concluded,
"In general, one can say that most solutions today
which have practical application are solutions
derived from linear theories where viscosity is
neglected .....Although more work needs to be
done for blunt bows and transom sterns, the
wave resistance of fine form ships can often be
predicted with a degree of accuracy that is
comparable to that measured experimentally.
"...In all viscous flow calculations at any
significant Reynolds number it is presently
necessary to resort to Reynolds averaged
equations rather than the full Navier-Stokes
equations. As a result, some sort of artifice,
generally referred to as turbulence modeling,
must be used to approximate the turbulence in
the flow.
"...The computational tools now available always
give better results to problems where viscous
effects are small. Examples are the prediction of
ship motions, wave resistance, and propeller
action." [41]
Various ship motions programs, generally based on
linear strip theory, are regularly used during the ship
design process. The effect on ship motions of significant
changes in hull form geometry is predicted reasonably
well for moderate sea conditions. One must be careful,
however, about how a particular version of a code
specifies the directional characteristics of the sea
conditions. The severe rolling problems caused by the
addition of blisters to the U. S. S. Midway (Ricketts
[42]) illustrates the need to number and catalog the
capabilities and limitations of various versions of all
CFD codes. According to Ricketts,
"It should be noted, however, that these
assessments assumed a theoretical short-crested
seaway with a cosine-squared energy spread and
did not account for frequent real-world situations

where a low-frequency ground swell is present in
combination with a local wind-generated sea, the
two coming from very different directions." [42]
None of the existing programs appear to be sensitive to
small changes in hull geometry, but seakeeping model
tests are not all that sensitive to small geometry changes,
either. Time domain predictions of large amplitude
motions in non-breaking seas as discussed by Lin and
Yue [43] show promising initial results, but are so far
limited to regular wave examples for relatively simple
hull forms. A major development in this method is an
automatic geometry repanelizer to account for changing
underwater geometry as a result of the time dependent
free surface.
The prediction of the motions of small craft in breaking
extreme seas is a long way from being solved. Although
the use of potential flow theory to describe steep gravity
waves is the subject of validation studies (Dommermuth
[44]), the more sophisticated types of ship motion
analysis codes are not adequately validated and
therefore contribute little to the hullform design process.
Part of the validation problem is the lack of adequate
full scale ship motions data in measured directional seas
(Kjeldsen [45]).
I look forward to the future
integration of directional sea data (with and without
extreme waves present) and time domain ship motions
codes for the prediction of ship motions in realistic
seaways. At the present time we can only speculate
whether or not this problem will be computable (see
section 4.1) at some future date.
On the other hand, wave resistance codes appear to be
sensitive to small changes in hull form geometry such as
bow bulb configurations for high speed ships (Hoyle
[46]). These potential-flow codes are gaining acceptance
by the design community, especially as an "order of
merit" ranking technique for hull form candidates in
order to reduce the scope of model testing. They have
been adapted to transom stemed ships (Cheng [47]),
yacht testing (see previous section) and in partially
integrated systems (see FLO WIECH discussion below).
Slender-ship codes show promise (Noblesse [48]) in
the prediction of far-field wakes, but presently lack the
ability to correctly predict sinkage and trim, as near-field
potential-flow codes can do, especially if they are
iterated using the correct free surface boundary
condition.
As to the impact of CFD on propeller design, Morgan

and

lin

[41]:stated,
"The use of propeller design methodology based
on lifting-line and lifting-surface theories has
become routine for conventional propellers.
These techniques have led to the practical
development of the highly-skewed propeller for

reducing vibration and cavitation. The design of
a propeller operating in uniform flow using CFD
is also a matter of routine. Nevertheless, as
these theoretical techniques still depend on the
lift-curve slope being independent of Reynolds
number, difficulty remains in using these
techniques to predict the performance of an
existing propeller with arbitrary camber lines."
Morgan and Lin also discuss the difficulties in predicting
the effects of cavitation and propeller-induced vibrations
since these phenomena depend on viscous flow effects,
hull-propeller and wake interactions.
As to the future of CFD developments, Morgan and Lin

conclude,
"It will be many years before the full NavierStokes equations can be solved on a computer at
the ship-scale Reynolds numbers to the detail
necessary
the progress toward the solution of
the Navier-Stokes
equations for complex
geometries at high Reynolds numbers has been
disappointingly slow
(however) if the CFD
prediction does not compare well with the
experiment, there is always the question of
whether the problem is with the theory or the
experiment, or both." [41]
As an alternative

to solving the viscous equations of
motion around the entire ship hull, Larsson and his coworkers at SSPA/FLOWIECH
[26], [49] have
proposed dividing the flow into three zones, a procedure
also used by Hoekstra [50] of MARIN and similar to
methods used by the aircraft industry as discussed at the
1987 AIAA CFD Conference [29).
Larsson's
SHIPFLOW method defines the following separate
regions which have defined interactions within the
various codes:
Zone 1- the potential flow (including free surface)
outside the boundary layer,
Zone 2- the boundary layer over that portion of the hull
length where boundary layer integral methods may be
applied, i.e., the layer is thin relative to the local radius
of curvature and no separation is present, and
Zone 3- the stern and wake regions where the flow field
must be calculated using a form of the Navier-Stokes
equations.
This integrated CFD system has been used in various
forms for more than 30 projects since 1983. SHIPFLOW [51]
does not currently predict the correct inflow into the
propeller of ships with significant bilge vortices.
However, the iterative methods used to calculate the
free surface wave greatly improve the prediction of
sinkage and trim.
The various references to
SHIPFLOW do not discuss the CAD interface in any
detail.
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4.

MATHEMATICAL MODELING IN CLASSICAL
MECHANICS

4.1 The Limits of Computing
Recently I read a fascinating book entitled The
Emperor's New Mind [52] by Roger Penrose, Rouse
Ball Professor of Mathematics at Oxford University. In
Penrose's view,
"...it is our present lack of understanding of the
fundamental laws of physics that prevents us
from coming to grips with the concept of 'mind'
in physical or logical terms." (page 4)
The book reviews the present status of our knowledge of
the existing laws of physics and discusses the
corresponding limits placed on our knowledge of the
physical world and on the future possibilities for artificial
intelligence.
In reviewing the basis for recursive and non-recursive
mathematics, Penrose makes an important distinction
between the deterministic nature of many of the existing
laws of classical (Newtonian) physics and whether or not
various physical phenomena are algorithmic in a useful
way, i.e.,
"Computability is a different question from
determinism." (page 170)
"...'determinism' means that initial data at one
particular time completely fix the behaviour at all
other times." (page 214)
"There is a sense, however, in which this world is
'non-computable' in practice. This arises from
the fact that the accuracy with which the initial
data can be known is always limited." (page 173)
"....no matter how accurately we know the initial
state of a system (within some reasonable limits),
the uncertainties will tend to grow in time and
our initial information may become almost
useless. Classical mechanics is, in this kind of
sense, essentially unpredictable.
(Recall the
concept of 'chaos' considered above.)" (page 183)
"The future behavior (of chaotic phenomena)
would still be determined, right from the big bang,
even though we would be unable to compute it."
(page 432) [52]
Penrose then makes the case that true intelligence
cannot be present unless accompanied by consciousness
which includes essentially non-algorithmic ingredients.
Thus true intelligence (including judgement-fonning)
cannot be properly simulated by algorithmic means. In
fact,
"...the decision as to the validity of an algorithm
is not itself an algorithmic process!" (page 414)
This conclusion has important implications for the
discussion on future directions in "intelligent" ship design
systems (see Section 6 below).

4.2 The Equations of Motion for CFD
The major focus for solving viscous flow problems in
ship hydrodynamics appears to center around attempts
to use some version of the Navier-Stokes equations
without any real effort to ask the question, "which form
of the equations of motion contains a reasonable model
of the fluid flow conditions present in the problem at
hand"? It would appear that most investigations regard
the Navier-Stokes equations as the basic equations of
motion rather than a very special form for which the
normal and shear stresses are linear functions of the
deformation rate tensor. Let us review the mathematical
basis for various formulations of Newton's Second Law
as applied to continuum mechanics in general and fluid
mechanics in particular. Excellent treatments of the
subject are found in Rutherford Aris' book Vectors,
Tensors, and the Basic Equations of Fluid Mechanics
[53] and James Serrin's "Mathematical Principles of
Classical Fluid Mechanics" in Handbuch der Physik, Vol.
VIII/I. [54]
Figure 1, which I developed while
teaching a high level undergraduate fluid mechanics
course over 20 years ago, illustrates the relationships
between the various "equations of motion". Note that
decades of time are involved in working from left to right
in Figure 1.
4.2.1 Descriptions of "Fluid Particle" Motions
The purpose of solving the various differential equations
of fluid motion is to calculate the flow fields associated
with the problem at hand. (Most integral methods use an
assumed flow field to calculate gross properties of the
flow such as lift and drag of a hydrofoil, etc.) In order
to set up the equations of motion of a "fluid particle" we
recall from the concept of continuum mechanics (see
Shapiro [55]) that a fluid particle represents the
smallest "material" volume 6V m which contains so many
molecules as to make statistical averages meaningful, i.e.
a density equal to mass per unit volume can be assigned
to each particle in a flow field.
To describe the motion of a fluid particle using
"material" or "convected" coordinates (a Lagrangian
description), a given particle of fixed mass (a closed
system in thermodynamics) is tracked as it deforms while
convected through space with time (Aris [53], p 83). A
"field" description attempts to describe the motion
relative to a set of spatial coordinates in which different
fluid particles occupy a given field point from instant to
instant (a control volume approach in thermodynamics).
Newton's laws of motion (1682) are formulated in
"material" coordinates, but strictly apply only to the
motion of the center of mass .. Euler (1759) developed
what is now called the Euler Equations to describe the
motion of continuous media in the absence of shear
stresses (inviscid flow of "perfect fluids"). In 1823,
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Cauchy introduced the concept of the stress tensor which
led to the development of what is now called Cauchy's
Equation of Motion (1828) which is valid for any
continuous fluid no matter how the stress tensor T is
related to the fluid kinematics. ([53], p 102, [54], P 135)
The basic postulate concerning the linear momentum
equation for a material volume (a fixed mass for which
Newton's Second Law is valid) is as follows,
"There exists a frame of reference (an inertial frame)
for which, at any instant, the rate of change of linear
momentum of a material volume V m is equal to the
resultant force acting on the mass in that volume."
i.e.

av./at
+
J

Vy
.
I J,l

= f.J + T·1J,1./p

(2)

Cauchy's Equation of Motion contain 15 dependent
variables plus 4 basic variables. It is also non-linear
because of the convective acceleration terms. Obviously,
many additional equations to reduce the number of
dependent variables would be required to solve these
equations directly.
As a first step, "constitutive
equations" relating the stress tensor, Tij, to some function
of the velocity gradient tensor, Vj, i' and the
thermodynamic pressure, p, are used. ([53], p. 107) It is
customary to separate the velocity gradient tensor into
its symmetric and anti-symmetric components, i.e.
(v..
+ v·1,1.)/2 + (v..),1 - v·1,1.)/2
J,I

v·J,I .

=

Vj, i

= Di/2 + nij/2

or
where
F.urface
Fbod

=f

Ten dA

= Ipf dV rn =

Y

T

=

f

=

V

= Velocity vector

D/Dt

=

Sum of the surface forces on
the material volume

Sum of the body forces on the
material volume

Stress tensor acting on the material volume
Body force/unit mass vector acting on the
material volume (~ are the components)

= a/at

(Vj

+ (VeV)

Material derivative

but because of the equation of continuity
incompressible fluids, divV = 0 [53] so
D/Dt IpV

av, =

For a perfect (ideal) fluid, i.e, the viscosity equals 0, the
shear stresses vanish in equation 1, and

are the components)

=

IpDV/Dt

divT
for

av,

and by use of the divergence theorem

f

Ten dA

= I divT ev,

{divT + pf- pDV/Dt}

ev, =

0

Since the material volume Vm is arbitrary, the integrand
must vanish everywhere in the flow region and one
obtains Cauchy's Equation of Motion
divT +

pf

-

pDV/Dt = 0

or rearranged in cartesian tensor notation

(1)

= -grad p

The resulting Euler Equations of Motion were
developed by L. Euler in 1755-56, over 65 years before
the stress principle of Cauchy (Serrin [54]) and are given
in vector form
pDV

Thus the use of the divergence (Green's) theorem allows
the collection of all the terms into a single integrand as
follows

I

where D·· is defined as the symmetric deformation rate
tensor arid nij is defined as the anti-symmetric spin or
rotation tensor. (Notation is not consistent in these
definitions and the factor 1/2 mayor may not be
included. Sij is frequently used to represent the rate of
strain (deformation rate) tensor rather than Dij• This
problem is beginning to be addressed by the Symbols
and Terminology Group of the IITC. [56]) Note
that the deformation rate tensor, D, is invariant to all
observers (for Galilean transformations), while the spin
tensor, n, is not invariant.

/Dt =

pf -

grad p

(3)

The notion of viscous fluidity was developed 90 years
later by G.G. Stokes in 1845. Stokes stated,
"...that the difference between the pressure on a
plane in a given direction passing through any
point P of a fluid in motion and the pressure
which would exist in all directions about P if the
fluid in its neighborhood were in a state of
relative equilibrium depends only on the relative
motion of the fluid immediately about P and that
the relative motion due to any motion ofrotation
may be eliminated without affecting the
difference of the pressures above mentioned."
(bold mine) [57]
The statement in bold font indicates that Stokes
postulated that "material invariance" was an essential

11

concept when defining material properties
of viscous
fluids long before Noll [58] formalized the "axiom of
objectivity" for constitutive equations used in continuum
mechanics.
Serrin [54] defines a large class of real
"Stokesian Fluids" as those which have the following
characteristics,
1. The stress tensor Tij is a continuous function of
the deformation
tensor
Dij and the local
thermodynamic
state, but independent
of other
kinematical quantities.
2. The fluid is homogeneous.
3. The fluid is isotropic.
4. When there is no deformation, the stress is
hydrostatic, i.e. Tij = -POij .
A Newtonian
which for
constitutive
slightly more

fluid is defined as a linear Stokesian fluid,
incompressible
flow has the following
equation
(compressible
flows are only
complex).

Tij= -POij
where

j),

+

/.LDij

(4)

is the dynamic viscosity.

Combining equations (1) and (4) one obtains the
Navier-Stokes Equations for incompressible
flow,
pDV IDt

= pC - grad p + div(/.LD)

(5)

or

8v,18t
+ vv,1 ),1' = f) - grad pip + (L1DiJ) , i
)
since the kinematic

viscosity

LI

=

where
time averaged

Uj = fluctuating

Rt

= -(pujUjt

local velocity,

velocity, and

=

-pu

i Uj

(9)

so that
RA

=

time averaged
components

Reynolds stress tensor whose
are given by Eqn (9)

(The above definition may not outlast this symposium
because
of possible confusion
with the correlation
coefficient RA,B defined by Hinze [60] and others, but
something needs to be done in an age when authors use
their own personal computers to write papers.)
The derivation of the RANS equations may be found in
Hinze [60], Tennekes
and Lumley [61] and other
texts and will not be repeated here. Both Hinze and
Tennekes
and Lumley begin their derivations
with
Cauchy's equation of motion (Eqn (1), above) and use
the rules for evaluating the effects of time averaging on
the substitution of Eqn (8) in Eqn (6). The resulting
Reynolds
stress term,
which, comes from the
acceleration terms in Eqn (6), is combined with Eqn (4)
to obtain the following constitutive equation

R/,

T1)

/.LIp

'" pf - grad p + /.L divD

=

U)A

(6)

For laminar
flow of an incompressible
fluid with
constant kinematic viscosity, 1/ can be factored outside
the derivative with respect to Xj
pDV IDt

(8)

(1)

= _pAoh

+ IID,A
+ RA
I)
I)

1)'"

(10)

or

This equation in combination with Cauchy's equation of
motion for the mean flow yields the Reynolds-Averaged
Navier-Stokes (RANS) equation without any assumptions
about eddy viscosity.

A limited set of laminar flows in simple geometries have
exact solutions of Eqn (7). For inviscid flow, Eqn (7)
reduces to the Euler Equation (3).

4.2.2 Turbulence

Modeling

To discuss
the "Reynolds-Averaged
Navier-Stokes
equations" (RANS) using ordinary text mode on a word
processor,
the overscore on time-averaged
quantities
{available only as a macro or in graphics mode for
equations)
will be replaced by the superscript
A (a
recent proposal of M. Schmiechen [56]) added to the
notation for Reynolds stress, Rit., used by Luml~y [~9]
in his 1970 paper, "Toward a Turbulent
Constitutive
Relation".
Thus we define the time varying velocity
vector components as

Many papers concerning CFD for viscous flows use the
so called "Boussinesq assumption"
that the Reynolds
stress can be linearly related to the average deformation
rate by using an "apparent" or turbulent eddy viscosity,
LIt,
i.e.

(12)
so that the implied constitutive equation for turbulent
flow having a linear relationship
between mean stress
and mean deformation rate 'becomes

(13)
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which gives the following form for the RANS equation
based on a linear eddy viscosity model

Boussinesq assumed that the eddy viscosity was a scalar
quantity, but turbulence measurements have justified this
assumption for very few flows of interest to the design
community. Although the normal kinematic viscosity is
a material property of the fluid, the eddy viscosity is
clearly a function of the nature and local kinematics of
the turbulent flow.
For complex flows associated with actual vehicles (see
for example, Odabasi [62]), the eddy viscosity varies
in space and time so various levels of turbulence
modeling have been established. Standard references on
turbulence modeling include Bradshaw [63], Lumley [64]
and the many review papers in the three volume
Proceedings of the 1980-81 AFOSR-HITM-Stanford
Conference on Complex Turbulent Flows (Kline
[65]). More recent detailed review papers are by
Lakshminarayana
[66], Wilcox [67], and Patel
[68). All these reviews support the conclusions of
section 3 of this paper concerning the lack of adequate
turbulence modeling for all but the most simple flows.
In his 1986 review paper, Lakshminarayana discusses the
limitations of seven categories of turbulence models
from the simple but widely used algebraic eddy viscosity
model of Baldwin and Lomax to the various higher order
models. The various kinetic energy-dissipation equation
(k - E) models assume that the eddy viscosity, "l' is
represented by

'eddy viscosity' is phenomenological and has no
mathematical basis."
Lakshminarayana discusses the so called algebraic
Reynolds stress model (ARSM) and the Reynolds stress
model (RSM) which are used to solve Eqn (11) directly
at no small cost in complexity. He recommends
investigating the use of combination (k- f)/ASRM
models since rotation and curvature effects are captured
directly instead of through modeling.
Wilcox [67] advocates replacing the turbulent dissipation
rate, E, with what he calls the rate of dissipation of
turbulence per unit energy, w, as a way to incorporate
the effects of surface roughness in the calculations. He
also recommends at least 5 mesh points between y+ =
o and 2.5 in the viscous sublayer. In a second paper in
the same AIAA Journal, Wilcox [69] proposes a
"Multiscale Model for Turbulent Flows" on the premise
that,
"...turbulence can be described by representing
the turbulence energy spectrum in terms of an
upper and a lower partition with the upper
partition corresponding to lowest frequency,
energy-bearing eddies. This notion is used in
large-eddy simulation work where small eddies
(corresponding to the upper portion of the
spectrum) are numerically simulated.
By
contrast, we model both the small and the large
eddies. We use the general observations that
eddies in the lower partition are expected to
contain most of the vorticity, to be isotropic, and
to dissipate rapidly into heat. A key feature of
eddies in the upper partition is that they are
more or less inviscid." [69]

(15)
where
k

=

i U i )/2

=

turbulence kinetic energy which
can be measured as well as modeled
by transport equations

turbulent dissipation which cannot be
measured directly, but is modeled by
transport
equations
and
evaluated
indirectly

E

C

(u

=

assumed to be a "scalar constant" for isotropic
turbulence, but probably a vector (as a
minimum) for non-isotropic turbulence

Lakshrninarayana [66] states,
"...the empirical constants used in the turbulence
transport equations, which are based on twodimensional simple flows, are invalid or
inadequate for complex flows... The concept of

Even more sophistication has been proposed by Orzag [70]
using Renormalization Group Theory (RNG) which is
claimed to avoid the difficulties of algebraic models that
contain singularities which diverge near wall regions and
separation zones.
The more complex formulations may model the
turbulent flow field more accurately, but the
combination of a complex turbulent model applied to
complex geometries is cost prohibitive and probably
cannot be validated because of the non-algorithmic
considerations discussed in section 4.1.
There have been several attempts at matching carefully
controlled experiments with precise CFD analyis in
order to "validate" various turbulence models.
A
significant problem in building an experimental database
for CFD validations is the difficulty in making
turbulence measurements at sufficiently high Reynolds
numbers. This is because it is difficult to obtain reliable
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readings in thin boundary layers and hot wire/film and
laser doppler velocimeter (LDV) measurements are
subject to considerable uncertainty at y+ < 10 in the
important viscous sub-layer.
To overcome these
problems, measurements have been made in oil-filled
channels by Ecklemann [71] and his colleagues at
Gottingen,
Perhaps the best known attempts at validation are the
studies at NASA Ames Research Center, such as those
by Kim, Moin and Moser [72], in which the unsteady
Navier-Stokes equations were solved numerically at a
Reynolds number of 3300. The computation was carried
out with 192 x 129 x 160 grid points. 250 hours of
CRAY-XMP CPU time were used for the time
dependent calculations. Although the calculated energy
spectra and two point correlations indicated adequate
grid resolution,
"..the drop-off of the computed spectra of high
wave numbers is not sufficient evidence that the
computed results are unaffected by the small
scale motions neglected in the computations. It
is not clear what significant dynamical roles, if
any, these small scales would play if included in
the computations. Numerical experiments with
much finer resolutions than those used here
would presumably clarify this issue.
Such
computations are very difficult and time
consuming to carry out with the present
computers ....detailed comparison in the wall
region reveals consistent discrepancies.
In
particular, the computed Reynolds stresses are
consistently lower than the measured values,
while the computed vorticity fluctuations at the
wall are higher than the experimental
values ....One source of the discrepancy might be
related to the measurement of the wall-shear
velocity ur. When the mean-velocity profiles are
renormalized with the corrected (experimental)
wall shear results, excellent agreement among the
experimental results and the computed results is
obtained ...(however) the computed turbulence
intensities, except the streamwise fluctuations,
remain lower than measured values ....it is
important to resolve the differences if the use of
the
computer-generated
databases
or
experimental
data in studying turbulence
structures and in developing improved turbulence
models is to be continued." [72]
The NASA group [73] then used the database of [72]
to compute the distribution of the turbulence kinetic
energy k and the dissipation rate f. The steps involved
in validating the k - e model are well illustrated in this
paper.

Precise validation experiments using simultaneous twocomponent laser velocimeter measurements were made
in the incompressible turbulent flowfield following an
axisymmetric sudden expansion, which involves separated
flows. (Gould [74]) For this moderately complex
flow, the measured turbulent normal stresses were
significantly different from the calculated ones. Gould
concluded,
"A major shortcoming of the k - f model and, in
particular,
the
modified
Boussinesq
approximation is that it does not correctly model
the anisotropy of the flow...One must remember
that the k - E model does not directly predict
turbulent stresses; it solves two additional
conservation equations, one for turbulent kinetic
energy and one for turbulent dissipation rate, in
order to define an eddy viscosity. Knowing the
eddy viscosity allows one to estimate the
unknown turbulent stresses in each of the
conservation of momentum equations and
therefore close the problem." [74]
4.2.2.1 The Question of "Material Indifference"
Although Lumley [59] acknowledged the importance of
the concept of material indifference for constitutive
equations involving material properties, he continues to
dispute the contention of Speziale [75], [76] that
one should seek invariant forms of the constitutive
equations for turbulence because,
"The Reynolds stress transport equations are not
form invariant under time-dependent rotations of
the spacial frame of reference while the Reynolds
stresses have been proven to be invariant under
this group of transformations." [75]
Lumley responds,
"I believe it is clear [59] that requmng a
constitutive relation to satisfy the principle of
material indifference is equivalent to ignoring the
inertia of any motions responsible for the
development of the stress, since the relation is
required to be the same in inertial and
noninertial frames. Since all matter has inertia
this means that the principle must be an
approximation
in any situation in which
.unresolved motions contribute to the stress ....The
motions responsible for the development of the
Reynolds stress are not microscopic (as in the
case of ordinary viscosity), but of quite finite
amplitude, and definitely subject to inertia." [64]
In his 1970 paper, Lumley [59] discussed the possible
significance of the ratio of the spin tensor to the strain
rate tensor n/S (n/D) in establishing the form of the
constitutive equations for turbulence.
One possible
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Reynolds stress formulation was a function of a which
was used as an argument to reject material indifference
requirements for turbulent constitutive equations.
During the 1981 conference on Complex Turbulent
Flows, Peter Bradshaw made the following observation
"However, Launder has successfully added non- '
invariant terms to his dissipation transport
equation in order to improve predictions for thin
shear layer .....Therefore, non-invariant allowances
for the mean extra strain rates of interest should
not be regarded as illegal, immoral or even
inconvenient." (Kline [65], Vol. 2, p 707)
In his more recent papers on nonlinear k - e models for
turbulent closure, Speziale [77] continues to insist on
the use of invariant quantities for constitutive equations,
but finds that the a/S ratio may be significant in
predicting the equilibrium states of the turbulent kinetic
energy, k, and the dissipation rate, €.
I believe it is time to revisit Lumley's 1970 paper [59]
and recast the discussion of constitutive equations for
nu~erical ~al~sis at the macro scales of typical
attamable gnd sizes and turbulent vorticity scales rather
than at the fluid particle level as is the case for the
e~s~i~g math~~atical models. It is. very likely that
SIgnificant vorttcity (a > 0) is present within many of the
smallest practical grid sizes in the high shear regions
near the wall for both thin and thick boundary layers.
This could partially explain why computed Reynolds
stresses are consistently lower than measured values.
A frequently overlooked requirement when setting mesh

sizes in numerical hydrodynamics is that the fluid is
considered to be non-polar, i.e. the fluid is such that the
torques within a "fluid particle" arise only as the
moments of direct forces. The assumption is then made
that angular momentum is conserved at the fluid particle
level thus making the stress tensor symmetric. ([53] p
102)
,

problem for the existing ones, hopefully one would be
able to use an optimization scheme to trade off grid size
against vorticity distribution complexity. This suggestion
may be related to some of the methods involved in the
viscous-inviscid interaction method described by Haase
and Seibert [78], but time did not permit me to
investigate the latter method.
5. BOTI'LENECKS FOR INTEGRATING CFD AND
CAD

Recent interviews with CFD oriented vehicle designers
reveal that there are still many "bottlenecks" in the
design process.
On the CFD side these include
situations involving
5.1

Interfaces between
Geometry Codes

CFD

and

CAD

Surface

Common to nearly all CFD/CAD systems is the time
consuming and frequently labor intensive delay
associated with repanelization and grid generation. This
is required to accommodate changes in surface geometry
and for situations where dynamic flow conditions require
time domain solutions. It is an area where artificial
intelligence/expert system developments can provide
more cost effective design solutions. It is also an area
where industry-wide standards on formats for the
description of surface geometry would make innovative
code developments transportable from one CFD/CAD
system to another.
Difficult geometries, such as intersections with complex
vehicle appendages and the underside of an automobile
(see for example, Haase [78] and Han [79]), may
require nearly as much time for grid generation as would
be needed for a wind tunnel or ship model test. I was
involved with a flow code validation study (Hoyle [46])
in which, for a short period, the model test program had
to wait on the CFD code grid generation process.
5.2 Code Validation Bottlenecks

Since extremely fine mesh sizes are required in high
shear layers to prevent "numerical vorticity", the
necessary grid sizes for complex flows become too large
to be "algorithmic in a useful way". A possible
resolution of this dilemma would be to modify the
~urbulence. constitutive equations (10) and (13) by
incorporating some function of the local spin tensor to
deformation rate tensor (a/D) ratio determined at the
local mesh size. For closure this would require adding
a transport model for vorticity distribution as a function
of the shear gradients present in the flow. Although
such a scheme may only substitute another apriori

As discussed in section 2.2, nearly all exchanges of
hydrodynamic data are accomplished with "hardcopy"
data exchanges. To insure consistency in comparative
validation studies, hullform geometry and hydrodynamic
performance data should be exchanged in standardized
formats (see section 6.1).
Standard format data
exchanges could significantly reduce the time and cost of
CFD code validations.
I would like to suggest that the use of "RANS" as a
marketing "buzzword" for unvalidated viscous flow codes
be discouraged unless sufficient qualifying assumptions
are stated in the same paragraph. A step in the right
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direction can be found in the Summary of the Group
Discussion on Navier-Stokes Solvers on pages 721 to 724
of the Proceedings of the 5th International Conference
on Numerical Ship Hydrodynamics in 1989 [47-50].
5.3 Improved Hull Optimization Algorithms
Combined Wave Resistance, Viscous Resistance and
Seakeeping Code Systems are being developed ([25],
[26]) but are not yet readily available to the ship design
community outside the group which wrote the codes.
Cost models for the impacts of seakeeping on ship
operating economics (Sellars [80]) have been J?ut
forward, but not integrated into many hull form des~gn
systems. Simple fuel cost models based o~ operating
profiles should be avail~ble from a menu ~nven ~ystem
when making comparauve hullform analysis studies.
Finally, algorithmic loads, slamming and deck wetness
codes plus seaworthiness and operability crit~ria are still
the subject of considerable de~ate. R~so~utlOn.o~.the~e
problems will require more rational cntena definition III
order to be incorporated into integrated CFD/CAD
systems.
6. FUTURE DIRECTIONS
6.1

ITIC Standard
Exchange

Formats

For Neutral

Data

As discussed in Johnson [2], the amount of information
to be stored in hydrodynamic hullform design database
tables will be -very large, especially if CFD validation
data is to be shared between various hullform design
support organizations. The number of possible attributes
(columns) and individual tests (rows) in these tables
numbers in the thousands. This is a situation where the
development of neutral standard formats could make
data exchanges between multiple organizations more
economically feasible. Responding to the need for data
exchange standards expressed by various organizations
associated with the International
Towing Tank
Conference, the ITTC Symbols and Terminology Group
has proposed to undertake the following tasks during the
1990 to 1993 period:
1. To develop a standard neutral format for the
efficient exchange of hydrodynamic performance data
defined in the ITTC Standard Symbols and
Terminology List. [56]
2. To utilize the format specifications being developed
by ISO/STEP (STandard for the Exchange of
Product model data) as the basis for an interim
standard neutral format for the efficient exchange of

data concerned with the definition of hullform,
propeller and appendage geometry.
The development of mc standard formats for the
exchange of hull form design and attribute data ~l
require interactions with organizations normally outside
the ship design community. This is especially true for
the development of standard formats for the efficient
exchange of data concerned with the CFD code
validation and the definition of hullform, propeller and
appendage geometries.
In this respect, interaction with the parallel development
ofIGES/PDES/ISO STEP standards including those for
the Computer Graphics Metafile (CGM) concept
(Mumford [81], Owen [82], Brandli [83]) and
new database technologies (Yamamoto [84], Ohsuga
[85]) may prove fruitful to all parties concerned. Obj~ctoriented DBMS which would appear to be a possible
solution for the exchange of surface definition
information, as yet have no equivalent to the relational
database oriented ANSI standard SQL (Structured
Query Language) which is quite adequate for storing and
retrieving single valued quantities. There is also the
challenge of developing standards for the exchange of
records and analysis procedures for time series data
which includes seakeeping, maneuvering and turbulence
modeling data.
The 1987 Draft Standard Symbols and Terminology List
(including computer compatible symbols) has been
updated for the 1990 conference. Although the list is
not yet complete, the computer compatible sy~bols
contained in the 1990 draft can be used as the basis for
defining standard attribute names for a neutral control
file format.
6.2 Intelligent Ship Design Systems
A fascinating view of future CAD systems is contained
in the paper "Towards Intelligent CAD Systems" by Dr.
Setsuo Ohsuga of the Research Center for Advanced
Science and Technology at the University of Tokyo
(Ohsuga [85]). Dr. Ohsuga points out that
.,.
"...current
applications
of AI
(artificial
intelligence) are limited to rather small-scale
problems, and are not proving a powerful means
useful for innovative design."
What is needed is a new generation of information
processing
systems
for
"knowledge-proc7ssing"
technology. An intelligent CAD system, he continues,
"...must be able to represent explicitly an object
and be able to manipulate it. The representation
of an object is called an 'object model', and the
system, a 'model based problem-solving system"
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In addition to representing the 'object model', the
intelligent CAD system must also contain a model of the
Design Process (Figure 2, adapted from [85]) which can
analyse and evaluate the object model from multiple
viewpoints in relation to the given requirements.
Although numerical codes for many aspects of the ship
design process are well developed, the design process
itself is not yet algorithmic, and may never be if Penrose
[52] is correct. (In this sense, I prefer Figure 2 to the
classic "design spiral" which could be interpreted as
implying that the design process is algorithmic.) It is
still up to the individual designer to come up with the
best design to satisfy the goals and constraints of the
problem.
Thus Ohsuga states that the goals of the intelligent CAD
system are:
"To computerize as many individual operations
(shown in Figure 2) involved in a design process
as possible and
To integrate these different operations into a
process. As a matter of course, a human designer
must be able to intervene in the process at any
time." (85)
Engineering design requires not only quantitative
computations but also qualitative ones; innovation,
creativity, exploration of new non-standard designs, and
reasoning about goals, requirements and constraints.
Penrose [52) and others outside the "strong AI"
community regard many of these qualitive activities as
non-deterministic and certainly not algorithmic in a useful
way. Artificial intelligence, although it can not offer a
complete solution to the problem, can provide valuable
assistance and methods for representation of designs,
domain knowledge acquisition, and reasoning about
goals and constraints. Expert systems have successfully
captured the knowledge and problem solving techniques
used for CFD (Andrews [86]) and during the design
process (Tong [87]). The ship design process has
been outlined by naval architects (see for example,
Schaffer (88)), and expert systems have been used to
support portions of the ship design process (MacCallum
(89), Duffy [90), van Oortmerssen
(18), Koops
[20], and several papers at this symposium). Artificial
Intelligence methods will eventually be used to provide
assistance to the designer in the generation of possible
design solutions and to control the algorithmic aspects of
the design process. Based on the opinions of Penrose
[52) and Ohsuga [85), AI is unlikely to replace the
creative (conscious) input of human designers.
7. CONCLUSIONS
The foregoing paper has touched upon many aspects of
CFD and CAD codes used for hull form design and the

developments needed to integrate these tools into a cost
effective ship design system. The conclusions can be
summarized as follows:
1. Previous attempts, such as the IPAD effort, to
develop fully integrated vehicle design systems built
around the efficient use of a central database
exceeded the capabilities of the hardware and
software commercially available at that time. The
Works tation/Mainframe
/RD B MS /VNIX
environment is now sufficiently developed to
accomplish this task at a reasonable cost.
2. The work on international CAD/CAM/CIM data
exchange standards by projects such as the
ISO/STEP, NIDDESC, and CALS should be
extended to include other CAE/CFD and model test
data frequently used during the concept design
phase. The IITC community should join this effort
to encourage international cooperation in ship design
and to provide even more cost savings during ship
and marine vehicle design.
3. A ship design equivalent to AGARD, possibly an
international consortium, is needed to bridge the gap
between basic CFD research efforts and the present
design process. There is a great need to make those
who are in a position to fund integration work aware
of the long term cost benefits which could result by
reducing the bottlenecks in the concept design
process discussed in section 5. Cost sharing between
the parties involved in "open system" code and code
interface development is a viable alternative to the
development of proprietary CAE/CAD systems
which mayor may not find a niche in the ship design
market.
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4.

CONCLUSION

It has to be
l'Atlantique
tical use of
software for

seen that Chantiers de
have been involved in the practhat three dimensional modelling
a short period of time.

This experience confirmed that it is quite
suitable for the hull surface description. It
is a first step towards the complete three
dimensional modelling of the ship geometry.
It can also be seen as an opened door to the
future, both for surface modelling of ship's
structure than for heavy CFD computations.
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IMPACT OF CFD ON AERODYNAMIC DESIGN

N. Voogt
Manager Computational Aerodynamics
Fokker Aircraft B.V.
P.O. Box 7600, 1117 ZJ Schiphol-Oost
The Netherlands

The increasing importance of CFD in aerodynamic design and analysis is
discussed and important elements in CFD are highlighted. Several relevant CFD
applications in the Fokker 50 and Fokker 100 development phases are described
and their relationship with windtunnel and/or flight testing is emphasized.
Finally a recent application of a newly developed code is shown and efforts
are discussed which are needed to transform this code into an effective future
aerodynamic tool.
1. Introduction
During the last decades Computational Fluid
Dynamics has been emerging as an important tool
in aerodynamic design of aircraft configurations.
As such it has obtained an essential role in the
design process complementary to windtunnel- and
flight testing. In the past the first phase of
the design process relied heavily on windtunnel
testing and aerodynamic shapes were optimized in
a time-consuming trial-and-error cycle.
Present-day CFD techniques can assist the design
process by producing and analysing candidate
shapes. On the basis of CFD analyses the number
of windtunnel models can be reduced significantly. At the same time detailed analysis of
flow fields encountered in windtunnel- and free
flight environments can lead to a better understanding of critical flow phenomena and even
reveal details which can not be obtained otherwise.
In an industry environment the combined use of
CFD, windtunnel and flight testing is essential
to reduce design cycle times as well as potential
development risks.
The benefits of CFD can only be exploited if
there is a suff icient conf idence 1eve 1 in the
codes and if a hardware/software infrastructure
is available in which the codes are embedded.
This infrastructure allows routine applications
with short turnaround times and requ ires adequate
pre- and postprocessing facilities.
At Fokker experience in CFD applications has
accumulated over the years and especially during
the development phases of the Fokker 50 and
Fokker 100 projects all the available codes were
app 1ied. F1ight measurements
performed on
prototypes of both aircraft provided unique
opportunities to compare computed and measured
data.

The present paper describes some essential
elements of CFD, high 1ights a number of
applications and presents some aspects of future
applications.
2. Description of the design process
The aerodynamic design process is aimed at fullfilling a number of aerodynamic requirements
under certain geometric constraints. It involves
a computational cycle and experimental investigations and has essentially an iterative character.
In the computational cycle a configuration is
optimized for a set of selected parameters at the
design condition. The windtunnel is then used to
assess the aerodynamic characteristics for a wide
range of operational conditions. Results from the
windtunnel investigation usually lead to a new
design cycle with adapted design parameters.
As an example the present-day wing design practice is illustrated in figure 1.
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The process leading to the optimum wing geometry
is essentially different from the traditional one
shown on the left. Starting point here was a
suitably selected wing geometry for which
windtunnel experiments determined the aerodynamic
characteristics. By making successive modifications to the windtunnel model and evaluating
these in the windtunne 1 the best design was
established.
In the present computer aided design process the
starting point is a selected flow field around
the wing at the design condition and the geometry
which has to produce this type of flow is
computed by means of inverse methods. The un~erlying philosophy is that the selected flow fleld
for the design condition determines the aerodynamic characteristics for the whole operational
range of the wing. After the computational loop
is finished the aerodynamic characteristics are
determined experimentally and if necessary a new
computational cycle starts with adapted design
(pressure distribution) parameters.
In the computational cycle the design iterations
follow three main steps:
• choice of aerodynamic parameters for the
design condition
wing geometry design using inverse methods
flow analysis at off-design conditions using
direct methods
In the first step the required flow field at the
design condition is translated into a pressure
distribution on upper and lower surfaces of the
wing.
The differences between this target pressure
distribution and the pressure distribution
computed for an estimated initial wing geometry
are minimized in the iterative design process
through a sequence of inverse and direct
computations.
In the inverse procedure the geometry is the
result of the computations and in order to
prevent unrealistic shapes constraints can be put
on geometric characteristics such as local
incidence, local thickness, etc. [1].
For the new wing geometry flow field computations
are then made to assess the aerodynamic
performance in off-design situations ranging:from
low-speed, high-lift
cases to high-speed
transonic flow cases with strong shock waves. The
computational cycle is continued until both
geometric and aerodynamic characteri stics are
satisfactory.
The windtunnel is still an essential element in
the design cycle because not all flow conditions
can be simulated by CFD. This is specifically the
case for low-speed, high-lift and high-speed
cases with local areas of separated flow on the
wings. On the other hand CFD can assist in
understanding flow phenomena which occur in
experiments and it can also show details which
can not be found directly from windtunnel
experiments.

3. Elements of CFD
A prerequisite for CFD to be an effective tool
for aerodynamic design in an industry environment
is the availability of a well-established hardware/software infrastructure. Key elements in
such an infra-structure are different types of
computers, graphic terminals and workstations and
flow codes in combination with pre- and postprocessing software. Key player is the CFD
specialist using his graphic terminal or workstation.
Computational models stored in the database form
the basis for input to the flow codes.
Preprocessing software is used to arrange geometric information as required by the different
flow codes and to add information determining the
flow condition and numerical parameters.
Flow codes are run on different computer systems
ranging from general purpose VAX computers for
interactive processing and small batch jobs to
the IBM 3090 mainframe computer for computeintensive number crunching and the NEC SX-2
supercomputer at NLR for specia 1ised app 1ications
of advanced flow codes.
Resu lts of the computat ions are stored in the
database and can be visualized on graphic
terminals or workstations. Such facilities are
essent ia1 .for processing the ever increas ing
amount of information which is generated by some
of the codes.
Examples of visual postprocessing are illustrated
in figure 2a showing a changing isobar pattern on
a wing when the slipstream effect from a
prope 11er is inc 1uded and in figure 2b where
local flow directions are shown on the Fokker 100
front fuselage. The latter information is
important when external devices have to be
mounted outs ide the fuse 1age without interference
with the flow field.

Figure 2a

Propeller on

Figure 2b
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3.1 Geometry modelling
Close ly connected wi th CFD is geometry mode 11ing.
CFD codes require geometric input in the form of
specially arranged sets of points. For most
applications these points represent the surface
of an aerodynamic shape. At Fokker and many other
aeronautical industries the three-dimensional
surface modelling and definition system CATIA is
used for CAD purposes. Because CATIA has an
analytical surface definition it can not be used
directly to provide input for CFD codes.
Therefore for the specific purpose of modelling
for aerodynamic computations an in-house developed system - GAMMA - is being used. It has
interfaces with CATIA such that grids of surface
points extracted from CATIA can be used in GAMMA
and conversely a surface can be fitted in CATIA
through points defined in GAMMA. Figure 3 illustrates the different surface representations in
CATIA (left) and GAMMA of the complex Fokker 50
engine nacelle.
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Figure 3
Through the GAMMA-CATIA interface the link
between CFD and windtunnel is also establ ished
because CATIA is also used by Research Institutes
such as NLR in the process of producing windtunnel models.
GAMMA uses an underlying data structure which
enables efficient access through preprocessing to
a range of aerodynamic codes. The geometric
modelling can easily be adapted for a specific
flow problem as shown in figure 4 with different
modelling schemes for the Fokker 100 as applied
for different flow codes based on panel methods
[2]. Both are wire frame models which are created
by connecting all defining points by straight
lines. In this way the surface is co~ered by flat
panels.

Figure 4

For the different models the computations serve
different purposes. In one case the purpose is to
determine overall aerodynamic characteristics
such as spanwise load- and moment distributions
by means of vortex lattice methods and a coarse
panelling is sufficient. In the other case a more
detailed investigation is required into aerodynamic interference between wing, fuselage and
engine nacelles. To obtain accurate pressure
distributions a finer panelling is needed and
also the actual wing surface has to be modelled.
The GAMMA system was originally set up for
preparing geometric input and many functions were
implemented for all sorts of geometric manipulations. It was later extended for visualizing
computed results in combination with the
geometry. Beside visualizations such as those
shown in figure 2 other powerful appl ications
include visualizing pressure fields by different
co lours each represent ing a range of pressure
values.
4. CFD applications for Fokker 50 and Fokker 100
projects
During the development phases of the Fokker 50
and Fokker 100 projects CFD has played an
important and sometimes indispensable role. The
severe time constraints dictated by the rapid
succession of both projects required shorts
design cycles. Under such circumstances the
available infrastructure as described above is an
essential element. Some of the many applications
[3,4,5] will be discussed.
4.1 Fokker 100 wing design
CFD has been a vital element in the design of the
Fokker 100 wing. In fact aerodynamic computations
had first pointed out the potential benefits of
modifications to the original F28 wing. The
aircraft was designed in the early sixties with
a design condition for the wing at a modest Mach
number M=.73 and a low liftcoefficient CL=.2. The
Fokker 100 wing design required a design
condition at higher Machnumber and much higher
liftcoefficient. An additional design requirement
was that the original F28 torsion box should be
retained, so that wing modifications had to be
limited to front and rear sections of the wing
contours.
Computations indicated that the drag development
which occurs on a representative F28 section can
be reduced significantly by a leading edge
extension. Figure 5 shows that there is a large
drag increment at a 1iftcoefficient of C1=.5
between M=.5 and M=.7 for the F28 section.
This is due to the development of a strong shock
wave at the front of the airfoil (see figure 6 on
the left). By means of the leading edge
modification shown in figure 5 local curvatures
are reduced and the shock disappears at that flow
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The computations show that the displacement
thickness of the wake which pushes the outer flow
aside is suddenly increasing when the downstream
pressure gradients caused by the deflected flap
become too strong. Due to this thickening wake
the circulation around the airfoil can no longer
be increased and maximum lift is reached.
4.4 Ice accretion on Fokker 50 inlets
In the design of modern aircraft much attention
is being given to problems of ice accretion on
aircraft components in flight. When ice accretion
occurs on wings and tailplanes these surfaces can
loose much of their effectiveness which - if
uncorrected
1eads to dangerous f 1ight
situations. Similarly ice accretion can not be
allowed to block vital air intakes.
During the aerodynamic development of the Fokker
50 main emphasis was put on designing new engine
nacelles and much attention was paid to flow
investigations in those areas such as inlet ducts
which are sensitive to ice accretion.
Figure 12 shows the very complex shape of the
inlet duct system and several cross sections. The
shape of the main duct shows a gradual transition
from the cross-section at the throat A to the
engine inlet flange B. Before the flow enters the
engine inlet a part is branched off into a bypass
duct C which discharges at the bottom of the
nacelle and which protects the engine from
ingesting foreign objects.

c

Figure 12
To investigate ice accretion in the main inlet
duct a model was put in the icing tunnel of NAE
in Canada. In those tests the tunnel walls were
very close to the nacelle inlet and there were
doubts whether in that set-up the free-flight
situation was sufficiently simulated. To analyse
the prob lem simp le computat iona1 methods were
used which predict ice accretion on the basis of
computed droplet impingement. Information from
subsonic flow field analyses is used in methods
to solve streamline and droplet trajectory
equations.
In such equations empiricism plays an important
role: it is applied in the determination of the
droplet drag force and in modelling droplet
bouncing against a wall.

For the analysis three-dimensional computational
models were used with cross-sections shown in
figure 13. The configuration on the left
represents the inlet in the icing tunnel and the
other one the nacelle as installed on the wing.
To simulate flow through the duct uniform inlet
flow velocity distributions are specified at the
control surfaces as indicated.
Three-dimensional flow field computations were
made to simulate the flow condition in the icing
tunnel. Angle of attach was selected such that
local flow directions upstream of the nacelle are
identical in both cases.
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Figure 13
Figure 13 shows the computed droplet trajectories
and clearly indicates the need for anti-icing
provisions in the air intake. The results also
show that when the intake iss ituated in the
vicinity of the tunnel walls the droplet
impingement changes significantly. In that case
the airflow follows the curvature of the tunnel
wall and drives the droplets in a downward
direction.
These computations showed that results from such
tests have to be interpreted carefully and the
computed trajectories were used together with the'
results from the icing tunnel for a number of
critical flight- and atmospheric conditions to
determine the best locations for the de-icing
blankets.
The problem of ice accretion also came up during
a redesign of the inlet to the oilcooler located
on the lowers ide of the nacelle. Experiments
showed that the original NACA type submerged
inlet could not maintain sufficient air flow
through the oilcooler unit and because at the
same time increased engine power requirements
demanded more coo 1ing air the intake was redesigned.
As a result of the modification shown schematically in figure 14 the inlet is no longer
submerged so that the possibility of ice

-la-original

modified

Figure 14
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accretion had to be investigated. This was first
done computationally and later checked in flight
testing. Two-dimensional computations were made
for a cross-section which also included the
propeller spinner and the main engine inlet.
Droplet trajectories were computed for various
droplet diameters in a flow situation at 15000 ft
with an aircraft speed of 100m/sec.
Figure 15 shows the result of a computation for
droplets of 30 micrometer diameter. The result
indicates that ice accretion will occur on the
leading edge and inside the main engine inlet and
on the leading edge of the inlet to the
ot lcoo ler .

Figure 15
On the basis of the computations it was decided
to leave the .oilcooler inlet lip unprotected
because the droplets do not enter the intake. The
computational result was confirmed by fl ight
tests which showed that although spiky accretion
occurred around the inlet leading edge a
sufficient airflow could be maintained through
the oilcooler unit.
5~ Preparing for future CFD applications
In the applications described above use was made
of CFD codes many of which were developed in the
seventies and early eighties and for which a wide
user experience has been accumulated. To
facilitate application of these codes preprocessing software has been developed which
automates most of the sometimes laborious input
preparation and enables the user to optimize
geometric input graphically and interactively.
Similarly postprocessing software is available
which enables the user to prepare and present
resu lts graph ically without hav ing to extract and
interpolate data manually from the vast amount
which is created by the computational process.
For future applications this aspect of the user
being interactively involved in processing
increasing amounts of data is an essential
element for reducing turnaround times.
Especially the advanced CFD codes which are being
developed and evaluated at present [6] require
extensive geometry processing for generating
grids around aerodynamic configurations. For a
complex shape consisting of fuselage, wings and
engine nacelles grid generation can take as much
as several weeks whereas the actual computation
is done overnight and postprocessing takes a few
days.

Before these new codes become cost effective and
have short turnaround times much effort will have
to be invested in speeding up these preparatory
processes. The justification for all these
efforts is that the new codes provi de better
physical modelling of flow problems and therefore
better prediction of critical flow situations.
An example of such a new CFD tool which is being
developed and evaluated in close cooperation
between NLR and Fokker is a code based on the
Euler equations.
This method describes rotational flow and is
especially suited for the prediction of propeller
slipstream interference with the aircraft. Fokker
is preparing for future applications of this code
in two major areas: in geometric preprocessing
and in validating the code.
The importance attached to the new code can be
illustrated by the fact that specific flight
testing was done to measure slipstream effects on
a Fokker 50 prototype. The purpose was to
investigate the effect of the propeller
slipstream on wings, nacelles and tailplanes and
to compare these measurements with Euler flow
computations [7].
The computational cycle contains the following
steps:
- geometry (re)definition
- block decomposition
- grid generation
- flow computations
- result visualization
The computations require a grid of points
constructed in the flow field around a
configuration. For reasons of flexibility the
code is set-up such that the grid generation
process is subdivided and executed in a number of
separate blocks. To be able to define the block
boundaries a redefinition of the surface grid is
often required. Figure 16 shows that the
computational model of the Fokker 50 as defined
by GAMMA and used for input to other CFD codes
has been modified substantially. The surface was
redefined in CATIA and the new surface grid has
been transferred to GAMMA.

Figure 16
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The topological and geometrical subdivision of a
flow domain is a highly iterative procedure using
interactive graphical methods. The eventual grid
generation process where grids are defined in
each block is controlled by many parameters and
is also highly iterative. A number of partial
cross-sections of the grid is shown in figure 17.
For the computation the finite flow domain around
the Fokker 50 was divided into 556 blocks and for
sufficient resolution a maximum number of 2.2
million grid points was used. For computations
without slipstream effects usually only a half
configuration is needed for reasons of symmetry.
In this case however the complete configuration
had to be modelled because the propellers are
co-rotating.
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Several computations were made corresponding with
a number of in-flight measurements. Figure 19
gives a comparison of computed and measured
pressures on the wing at several locations behind
the propeller for a typical cruise condition. In
correspondence with figure 18 it can be seen that
the upwards rotating propeller causes an increase
of lift and of local velocities on the wing.
Figure 17

For this case the influence of the propeller
slipstream is only moderate and generally a very
good agreement is shown. For other cases
especially those encountered during climb where
the slipstream influence is much stronge~
comparison between experiments and computations
indicated that some modifications are required in
the modelling of the slipstream.
srMaOLS: FL!GHT TEST
LlNE
: EULER RESUL,S
F[NE GRID

The effect of this asymmetry is illustrated in
figure 18 which shows the spanwise distribution
of lift computed for a typical cruise condition
with slipstream effects as compared to the
computed distribution for the wing alone.
Although the total amount of wing lift is not
much increased as a result of the slipstream
effect the resu 1t shows that very 1arge
differences in local lift occur.
Computations such- as these require extensive
computer resources. For sufficient accuracy one
computation on the fine grid level consumes 10
CPU hours on the NEC SX-2 supercomputer of NLR
whereas some 120 CPU hours would be required on
the IBM 3090 computer at Fokker. Because access
to this mainframe computer for large-scale
scientific computing is limited it will be clear
that such computations can not yet be done on a
routine basis.
For the measurement of slipstream effects a total
of 10 pressure belts were mounted at various
spanwise stations on the wing of a Fokker 50
prototype. Each pressure belt included 30
chordwise distributed static pressure orifices
connected to scan iva 1ves. The fl ight test program
covered a matrix of conditions with variations in
speed, angle of attack, flapsetting and propeller
thrust.
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In the near future much attention will be given
to such deta i1s as well as to improving the
efficiency in the computational cycle. Much
effort will be spent on improving preprocessing
and on speed ing up the actua 1 computat ions by
developing more efficient algorithms so that
future applications can be performed more costeffectively.
6. Conclusions
The vital role which CFD is playing in modern
aerodynamic design and analysis is clearly
demonstrated by the applications made during the
recent development phases of the Fokker 50 and
Fokker 100 projects.
Some conclusions are:
- CFD methods have to be used in close
combination with windtunnel- and flight
testing.
- combined application of various geometry
modelling techniques is essential for an
efficient flow of information between
computational- and windtunnel models as well
as for grid generation.
much effort has to be spent on the infrastructure in which CFD codes are embedded to
ensure fast and efficient applications.
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A short description of the development of a computer aided design system for naval
architects is given. The NAPA integrated approach is described and the operational and
development experiences are discussed. The basic architecture of the system - consisting
of user interface, data base system and application modules - is presented, and the main
features of the subsystems are mentioned. The hydrodynamic part of the NAPA system is
described and the capabilities of the integrated ship design system are presented in form
of solved hydrodynamic problems.

1.

1.1.

BACKGROUND

A short long history

The development of the NAPA system is a good
example of how large software systems are being
developed for engineering purposes. Shipyards
in Finland have been using computers since the
advent of first models. Hydrostatic calculations were suitable applications to the
computers of that time, as a lot of calculations were required for a limited amount of
input data, and the results could be presented
by a few numerical tables.
Since the good-old-days, the naval
architectural calculations have used all
available capacity of the hardware, and the
system developers have tried to keep the
systems up to date.
The first Finnish integrated software package
for naval architectural calculations was
developed in the late sixties and early
seventies at the Wartsila shipyards. The
development of the system is described by
Saarilahti in [1]. The so called ST -package
was used by most of the Finnish shipyards and
ego by the Kockums shipyards and the Royal Navy
in Sweden.
In the late seventies the limitations of the
old ST system were so hard to overcome and so
much could be done with the new era of minicomputers, that it was decided to replace the
system by a totally new one starting from
scratch. The new system got the name NAPA,
which stands for the Naval Architectural
Package.

1.2.

Requirements

for the new system

The experience from the users and the knowledge
from the maintenance and development of the old
ST -system helped very much the system analyst
to set the t'equirements for the new one. Some
of the main ideas for the new system were:
It must be easily adapted to the needs in the
future:
basic solutions must allow versatile
design and development of the system
highly modular architectut'e must be
followed, without exceptions, to render
possible modifications and extensions
Easy to maintain and to port to several
computers and operating systems:
the software should last much longet'
than the hardware on which it will be
developed and used
Fortran -77 language was selected, as it
was the most standardized language for
rnathematical programming
detailed internal programming standards
were developed and adopted to all
software work
the system structure was carefully
designed to avoid commitment to a
specific hardware
the hardware or operating system
dependent operations were separated
cat'efully from the main parts of the
system
the software must use all avallable
power in the hardware system
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some limitations of the Fortran -77
standards were avoided by programming
practical tools for dynamic memory
management, character handling and for
maintenance of the software code and
documents
The system must be developed
span:

for a long life

further extensions, modifications w1d
improvements must be easy to make
it must be possible to utilize new
possibilities of the modern hardware
it must be possible to replace part of
the system without disturbing other
parts, which makes it possible to update
the system step by step
all the main parts of the system must be
developed as well as possible

work and the communication between the developers and the users is easy and lively. In some
cases the optimum is when the useI:'is also the
developer of the system, as the communication
is not needed at all!
In the NAPA development work some six to ten
system analysts have been working together with
about the same number of users testing the
prototype in real environment with real data.
The communication problem has vanished in the
course of time because the staff has been
almost the same during these ten years of
development and they now know each otheI:'well.
The development and the testing was done both
in Helsinki and Turku, which required some
additional work in communication in the beginning. Later a network could be arranged to
connect the two sites separated by a distance
of 165 km, and the communication problem was
solved completely.

The program must fulfill all the needs of all
users:
the vast development costs can be shared
among several users if the system serves
their needs
when there are more users to give their
feedback, the system will become capable
to handle more versatile problems and
therefore serve all users better
it is impossible to limit the future
needs, so it is better to try to develop
the system to handle all possible tasks
required by any user

1.3.

Developing

organization

Traditionally large systems are developed in an
independent department or a separate company
that is not using the system in their everyday
work. Paper documents and specifications are
used to describe what the system should look
like and what it should do. This kind of
development is not efficient in large, complicated engineering systems were the users do
not really know what they want until they have
something to start working with.
The development of the NAPA system is mainly
based on using prototypes, were a problem first
is solved by a relatively simple method that
can be used for testing the idea, developing it
f'urt.her and under-standang what is really
needed, after which a final solution can be
described. This leads to a short time from the
start to the first production use of a new
application, but it can also easily lead to an
endless loop of testing, improving and
modifications.
The prototyping also requiI:'esthat the endLlsers are running the prototype in their normal

2.

2.1.

NAPA INTEGRATED

APPROACH

Basic structure

The layout of the NAPA system is presented
the figure 1.

in

The system is controlled by the monitor, which
takes care of all administration tasks within
the system.
The data management is handled by two systems:
1) the Data Base system stores and retrieves
the data from external data bases located on
the disks and 2) the Data Management takes care
of the dynamiC memory management during the
run, allowing programmers to use powerful tools
to generate and manage complicated data
structures in the applications.
The user interface
systems:
AI
AP
GR

Alphanumeric and Input
Alphanumeric Print
Graphical Input and Output

Auxiliary
MN
AD
ER
CH
GB
GM
IN

is handled by the following

tools for development

are:

Monitor
Administration
Error handling
Character handling
Basic geometry
Geometric modelling
Integrals and basic mathematics

•

---------,.,
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capacities concerning
of interest.
HD - Hydrostatics

USER INTERFACE
Commands
Lists
Graphics
NAPA basic

APPLICATIONS
Geometr~
Stab iLiE~
Capacities
Speed/Power
Seakeeping

DATA BASE

AUXLIARY
SYSTEMS
Administration
Error hand Ling
Mathematics
TooLs

of the particular

subset

and stability

All hydrostatic and stability information of
the ship is presented either by tables or
plots.
CP - Compartments
Contains definition of sounding devices,
calculation and presentations of sounding and
ullage tables for a heeled and/or trimmed ship.
Produces also tonnage calculations and compartment hydrostatics, including the real and IMO
free surfaces.
LD - Loading conditions

DATA MANAGEMENT

Contains definition and handling of loading
conditions, plotting of 'loaded' arrangement
and presentation of stability curves.
DA - Damage stability
Damage stability calculations for several
alternative loading conditions presented
against all necessary stability criteria
including those defined by the user.
CR - Stability

criteria

Figure 1
2.2.

Application

systems of NAPA

GM - Geometry
The geometry subsystem handles definitions of
all geometric objects like surfaces, rooms and
arrangements. Any hull form can be described
with the system including catamarans, twin
skegs and even off-shore structures.
The geometric objects are built mainly by
referring to other objects, which guarantees
that the definitions are consistent after
modifications to some parts.
The geometry system allows also transformations, translations and rotations of all
objects defined in the data base.
SM - Ship Mode!
With the ship model the user can create a
product model of the project. The general
arrangements, compartmentation, parameters for
all compartments, tank lists and arrangement
drawings are handled with the ship model.
The user can select an interesting subset of
the objects and ask enquiries about the
volumes, areas, centers of gravities or

Both the static and dynamic stability criteria
including the user defined criteria. Plots of
required GZ-curves and required GM including
wind-, passenger-, and turning moments if
necessary.
MisceLLaneous
In addition to the main tasks, the NAPA system
contains several auxiliary tools that can be
used for almost any kind of work. The two most
often used tools are described in the next
par'agr'aphs.
The table calculation (spr'ead sheet) tool can
be used together' with all subsystems in NAPA.
All quantities defined into the system are
directly available in the table calculation,
and the user' can define easily new quantities
and formulas. The user selects the data items
from the data base which he is interested in,
loads the data from the data base into the
table and processes the data further. The
regr'ession analysis tools are directly available within the table calculations, so the user'
can create new formulas and calculate correlations and other statistical values. The results
in the table can be presented either with the
table output facilities or in the graphical
form with diagrams and bar charts.
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The text editor is used normally for preparing
the calculation input data, but can be used for
other purposes as well. The text processor
included in the editor is an effective tool for
handling large texts mixed with drawings and
diagrams.

2.3.

The user interface

of the NAPA system

NAPA has an interactive command-driven user
interface rich with powerful commands available
to the user at all times. Part of the commands
al~ for general use and therefore available
everi~ere
in the program. These transparent
commands are used to control the total environment (eg. graphics) and general purpose tools
like the function calculator and the macro
language. The total number of commands exceeds
2000 and each command has several options, but
the user has to know only a fraction of
possibilities in his normal work.
A menu of available commands, help- texts,
examples, list of command parameters and an
interactive tutoring module is available online in case the user does not know how to
continue. Also a special tourist mode is
available in the general tasks.
The main features

of the user interface

are:

powerful for professional users
command menu, explanations and messages
to the user are presented to the user
when needed
interactive help feature for tutoring
purpose and for quick learning of new
tasks
detailed instructions and examples
directly available when needed
user can define new permanent tailored
commands of his own
temporary user-defined commands can be
defined at any time during the run
possibility to create graphical tablet
menus
interactive macro programs can be written
by the user with the NAPA BASIC language
a short error message at an error
condition, longer error explanation when
asked
takes care of all engineering unit
conversions both at the input and output
and allows dynamic formatting of numbers
and character strings
Output

facilities

comprises

of:

versatile colour graphics
powerful report generators for defining
and modifying purpose-adapted
lists and
graphics

all data is stored into the database, so
it is possible always to return to the
calculations and prepare new
presentations of the results
combining results from several
calculations into one presentation can
easily be done
support of several hardware devices for
alphanumeric print and graphics
The whole command set of the user interface,
the data base contents and the main calculation
fUnctions are directly available in the macro
language.
Graphical input can be used for showing
coordinates in the geometry, pointing objects
on the screen and for giving commands from the
graphical menus.

2.4. Experience

on an AI based user interface

The NAPA system is mainly designed for the
professional user who knows the thing he is
working with and knows also how to use NAPA.
A large Finnish project in the artificial
intelligence (AI) was started about four years
ago to study intelligent user interfaces for
large software systems. The hydrodynamic subsystem of NAPA was used as one test case of the
intelligent user interface. The test case is
decribed by Linnainmaa and Priha in [2).
The AI user interface was developed by the
Technical Research Center of Finland with the
Knowledge Engineering Environment (KEE) running
on the Symbolics computer. The NAPA system was
running on a VAX computer connected via network
to a Symbolics Lisp computer.
The user interface was to contain knowledge
both about the hydrodynamics,
and also how the
NAPA system should be used to make the studies.
The system was working like an expert user defining input data for calculations, selecting
what methods to use and to judge if the results
were good or bad.
The prototype was developed within about one
year, and was tested by both experts and novice
users, but it has never been utilized for real
shipyard use.
Some conclusions

drawn from the experiment

are:

the development of such a user interface
takes an enormous amount of work
it is difficult to combine two different
architectures, one written in Fortran
language algorithms and the other based
on rules and statements written in LISP
language
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the hardware requirements in -87 were too
much for a realistic investment due to
high prices of lisp computers, but now
the situation is much better in that
respect
major difficulty is in keeping the
knowledge up to date when the application
programs develop further and the
experience in the hydrodynamics is
increasing.
After this experiment, the development in the
user interface has focused on helping the user
to find the right documents and the help texts
in the system. Also much can be improved by
writing more detailed error and warning messages, testing of more possible misuse of the
system and by increasing the knowledge of the
system with the traditional programming tools.

2.5.

Data base solution

perform all operations for all selected
cases
present the interesting quantities in
one presentation.
Even though the NAPA data base can be used
similarly to a modern relational data base, it
is not a relational data base in its internal
solutions.
As it is shown for example by Stanley and
Anderson [3], the relational data bases are
suitable for business and administration data
processing where there are many instances for a
rather limited number of different record
types. In the knowledge engineering and in the
artificial intelligence the situation is the
opposite: there is a large number of different
data types with only a few instances each. A
typical situation in the large engineering
applications contains the worst combination of
the two: there are many instances of many
different data types.

In an integrated software system the data base
solutions are of vital importance, as the sharing of data among the applications is taken
care of by the data base system. Modern hardware allows users to create and maintain very
large data bases, which are efficient for the
total performance if used properly.

The solution developed for NAPA has proved to
be efficient and practical for typical conditions allowing flexible operations with less
overhead than some other engineering systems
using commercially available relational data
bases.

The data organization in NAPA follows the real
life in ship design. All data is stored into
data bases according to projects. The data
base for one project is divided further into
versions similarly to the design alternatives
of a ship project. Typically each version has
different main dimensions, hull form or a
changed general arrangement.

3.

In one version each task can further split the
data base into independent packages, which are
called descriptions in the NAPA terminology.
Descriptions can be separated by their name,
type or according to their contents, and within
one description a user or the system can store
whatever data of any type and as much as needed. A description is thus only a package that
contains data belonging logically into one set,
and which as a whole belongs to one version of
a design project.
Most of the description names are handled by
the system, but the user can also use his own
naming convention to organize his data for
later use.
With the user interface and the data base
system it is possible for example to:
select an interesting subset of design
cases
specify what studies should be made for
each case

HYDRODYNAMICS

3.1.

General

SUBSYSTEMS

features

The number of different quantities handled in
the hydrodynamic calculations is much larger
than in other naval architectural calculations.
Hydrodynamics are full of nondimensional or
dimensional parameters required in the input,
and in the output the results can be presented
in many alternative ways requiring own quantities for each item. Also, the use of nondimensional merit coefficients helps the user to
see that the results seem to be correct. The
number of quantities in the hydrostatics and
stability is 277 and in the hydrodynamics a
total of 2548 different quantities are defined!
The interesting quantities differ from one
project to an other, and therefore the hydrodynamic programs in NAPA produces all possible
results into the data base, from where the user
can select the results he is most interested
in.
New calculation procedures are developed all
the time and the hydrodynamic programs should
change respectively. Therefore a lot of
attention was paind to designing the run time
environment for the hydrodynamic subsystems.
Adding of new tasks or modifying of an existing
one is made so easy, that the all new modifi-
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cations will be produced directly into NAPA
production version. Separate main programs with
indipendent input or output fuctions are not
used, which leads to minimal programming
effort.
The hydrodynamic calculations in NAPA are
grouped into subsystems according to what kind
of studies they are intended for. In the next
chapters the main characteristics
of the applications of each subsystem are described.

3.2.

Resistance

and propulsion

The basic system SH contains tasks for geometric data handling, more than ten different
resistance prediction methods, propeller
optimizer, a propulsion analysis task and
several methods for prediction propeller
induced vibration excitation.
When the hull form is defined into the data
base, necessary input data for resistance
calculations is directly available based on the
same data that is used in the hydrostatics etc.
Therefore the misinterpretation
and inaccuracies in the input are avoided and the calculations can start immediately. In case only the
main dimensions are known, the statistical
values are calculated, or the user can define
his own values.

3.3.

Seakeeping

The geometry routines of the seakeeping system
SHS contain one task to extract 2D strip properties from the hull surfaces to be used in
the strip theory calculations for slender
vessels, and another routine to generate plane
facets on the wetted surface to be used in the
3D sink-source method.
The seakeeping properties of the vessel are
then calculated either by the strip theory or
by a three dimensional sink-source method, or
the transfer functions measured in the model
tests can be used for further studies.
The post-processor of the seakeeping system
allows versatile statistical and mathematical
studies of the performance of the vessel in
arbitrary sea conditions. Studies like:
Significant values
down-time analysis
limiting wave height
number of occurrences
scatter diagrams
can be made for:
motions, velocities and
accelerations
relative motions
bottom slamming
flare impac ts
wave added resistance
drift forces
etc.

All calculation tasks use the same definition
for the input data, so all methods can be
calculated directly. Wind resistance, appendices, form factor l+k and extrapolation allowances Ca can be defined by the user or the
default values are calculated by the ,system.

3.4. Manoeuvring
The calculated values can be corrected according to the correlation factors derived from the
model test results and calculations for earlier
deSigns.
The propulsion coefficients can either be calculated within the propulsion calculations, a
constant value defined by the user is used or
the coefficients measured in the model tests
can be entered into the system. Open water
characteristics
can either be from Troost-B
open propeller series, several due ted propellers or the model tests results. All important corrections due to hub ratio, surface
roughness, blade thickness etc. can be included
if necessary.
In the propeller excitation predictions, the
actual blade geometry and the hull form are
taken into account automatically, so the
results are accurate even if the pitch setting,
propeller diameter or other main parameters are
varied in the calculations.

Manoeuvring subsystem SHM can be used for all
time domain studies of the ship motions. It
contains easy to use tasks for normal
manoeuvring simulations:
turning circles
pull-out tests
zig-zag tests
spiral and reverse spiral
test.
directional stability
steering quality indices
Several thrusters, rudders, rotatable thrusters. open propellers and ducted propellers can
be described into the vessel, so all slow speed
maneuvers like harbour manoeuvring can be
studied.
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Environmental conditions including the effects
of wind, waves, current and shallow water can
be taken into account, if necessary.
The manoeuvring characteristics of the hull can
be calculated by statistical formulas or the
coefficients measured in the model tests are
used in the calculations.

texts from the system data base, so the user
input can be minimized.
For example, to plot the resistance
the following commands are needed:
DRAWING
DIAGRAM
ARGUMENT
FUNCTION
PLOT

The results can be shown either in the form of
tables, diagrams or in trace plots.

curve only

VS
PE

The result could look like follows:

3.5.

Information

system

Information system IS contains tools for
defining "user company" - based data bases for
storing all kinds of information on the built
and tested ships. At Masa-Yards the model test
results are stored into the NAPA data base with
the information system to help comparing the
calculated and new model test results to the
statistics of the older designs.
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The Fairplay International Research Services
(FIRS) delivers large ship files of all vessels
delivered, under construction or on order. The
FIRS files are converted into the NAPA data
base form by the routines included in the
information system to allow further studies
with regression analysis, scatter plots etc.

3.6

Auxiliary

·1

w

I

5

I

:

tools

An essential tool in the normal use of the
hydrodynamic programs is the function calculator of the NAPA user interface. The user
needs only to write the formulas to make the
needed calculations, as the values in the data
base are directly available in calculations,
and the results will also be stored into the
data base. For example to calculate the Froude
number values for all speed values, the user
needs only to give the following transparent
command:

12

14

16

1S

Ship speed

28

22

KNOTS

Figure 2

4.

EXAMPLES

!CALC FN=VS/SQRT(LWL*9.81)
4.1.
The length of waterline (LWL) and all speed
values VS are fetched from the data base and
the result goes directly into the data base. As
all values are stored into the data base in SI
units, no unit conversions are needed. For
example, the unit for LWL can be feet at the
input and output and the speed values in knots,
but the Fn values are calculated correctly!

The other most used tool within the hydrodynamic calculations is the diagram plotting
environment. It also gets the values from the
data base and the default formats and header

Main dimension

variation

This example describes shortly a main dimension
variation carried out in a cruise liner project
to see, for example, the effect of main
dimensions on:
power performance, lightweight. building
cost and on the operation costs
optimum combination of main dimensions
as function of design speed
sensitivity of the main parameters to
the main dimensions.
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CALCULATION MODEL

Capital costs of investment and the propulsion
fuel cost is calculated for:

The study is based on the regression formulas
for lightweight, material costs and man hours
etc. derived from the statistics of the cruise
liners built earlier by Turku and Helsinki
shipyards.
A NAPA BASIC macro program was written to
generate a design variation and to run the
analysis calculations for the alternative.
The macro was then repeated by four DO loops
inside each other to vary all the required
design alternatives.

8 %

Interest rate
Time frame of calculations
Sea margin
Specific fuel consumption
Operation time
Fuel price
USD/ton
Accurate propulsion power
The service profile is expected
the maximum design speed.

10 years
10 %
180 g/kWh
365 d/a
93

to depend on

VARIATIONS
Totally more than 200 alternatives were
generated to the data base, each with its own
hull form transformed from the same existing
cruise liner. The displacement and, the
propulsion power was iterated into balance,
which means that all variants are possible from
displacement and powering point of view.

The following

5

variations

Lpp values

5 Beams:

were calculated:
165
27

4 Design speeds:

175

28
21

2 DeSign draughts:
Calculation of the lightweight, material cost
and manhours is based on exact volumes, areas,
powers, main dimensions etc. calculated by NAPA
geometry and hydrostatics subsystems.
The stability was not checked in this phase, as
the calculation of good estimation of the
vertical center of gravity should have required
a detailed general arrangement drawing which
was not possible to generate at this moment.
Also the GM requirements are so time consuming
to calculate that they are not feasible to be
repeated for all design alternatives. A separate study was set up to find the minimum stability requirements. In this study only the
transverse metacentric height was calculated
based on the hydrostatics of the generated hull
lines.
Powering calculations are based on the
Holtrop -84 resistance prediction, propulsion
coefficients calculated by Holtrop formulas and
Troost B-series open water characteristics. The
resistance and propulsion figures were corrected according to the correlation factors derived
from the reference calculations and the model
tests. The fuel consumption calculations
included the service condition effects.

ASSUMED PARAMETERS
Based on the number of passengers, required
cabin size and on the statistics of several
similar cruise liners, the following design
parameters were fixed:
Deadweight at the design draught
Interior area
Auxiliary engine output
Estimated volume of deckhouse
Estimated total volume.

190
29
22

205
30
23

220
31.5

6.8

7.3

24

Each variation was stored into its own
directory, so it is possible to return to any
design alternative afterwards. The hull form is
not stored, only the last one is available.
Anyhow, it is always possible to reproduce the
hull form if necessary.

RESULTS
For one deSign alternative about 100 quantities
were produced and stored into the data base and
as the number of alternatives was more than
200, the total data base contents was very
large. It took quite a long time to find a good
way to present the results, but in the end the
most suitable way was to use diagrams, as in
one page 100 data points could be presented and
the reader gets the idea about the trends of
variables.
The figure 3 presents one example output, in
which two diagrams are presented. The values of
design alternatives are connected by smooth
curves drawn through the calculated points.
One design parameter is fixed in each page. The
argument in the diagrams is either the length
between perpendiculars,
the beam or the design
speed. In the same diagram all curves for the
two design draughts and for all parameter vales
are shown. The following quantities are
presented in this example:
Lightweight:
alternative.

Estimated

lightweight

for the

FueZ+CapitaZ Cost in 10 Years: The calculated
cost of propulSion fuel and the capital cost of
the investment over ten years including the
interest.
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q.2

Downtime

The propulsion powers were then calculated for
resulting effective power in service condition.
After the studies of the Pd-N diagrams, the
reduction gear ratio and the main engine was
selected and the fuel consumption could be
calculated.

analysis

For passenger vessels the seakeeping
calculations are typically made for:
to compare different design alternatives
according to how often certain passenger
comfort criteria are exceeded
to judge the operability of the vessel in
several sea areas
to calculate the wave added resistance in
service conditions
to optimize the speed, GM and heading to
find the best possible operability
to study if a project design is realistic
from the seakeeping point of view.
For an offshore project the seakeeping calculations are used for a wide variety of studies
depending on the project. The studies made at
the Turku shipyard includes for example
helicopter landing and take-off analysis,
calculation of relative and absolute motions
and accelerations, calculation of the drift
forces in an anchoring condition.
The attached drawing presents an example
time analysis maqe for a small passenger
vessel, where the limiting factors are:

The figure q contains wave scatter diagram and
the limiting wave height for each criteria and
the calculated probabilities to exceed each
criteria.

Propulsion

in service

conditions

This example shows the final result-of a propulsion study carried out for a passenger
vessel project.
At first the resistance was calculated by
Holtrop -84 prediction method for the trial
condition and the optimum propeller was designed according to the owners' requirements.
The resistance was corrected according to the
correlation factors calculated for a similar
vessel. The in service effects that were taken
into account are:
hull fouling
increased hull roughness
wind resis tance wave added resistance.

5.

CONCLUSIONS

The development of a large software system is a
complicated process, which demands experienced
system analysts and enthusiastic and patient
users to test the system. It also requires many
demanding projects to test the system, a long
time period to complete and quite a big budget!
The experience of the NAPA system has proven
the following statements to be valid for an
integrated ship design system:
1)

The user of a large integrated system
does not have to learn many user
interfaces of many smaller systems, or
to jump from one system to another while
proceeding with the ship design.

2)

A totally integrated data base
eliminates all kinds of data transfer,
which leads to a dramatic reduction in
throughput time and also eliminates
human errors in the data transfer.

3)

An integrated system structure and the
right use of data base systems helps
keeping the design data in the right
order despite the lively and flexible
design organization.

q)

An integrated design system allows users
to do - efficiently and with minimum
effort - complete design studies for
many alternatives thus helping to find
better designs.

5)

The user of an integrated design system
can combine all important information
from several calculations from the data
base into one clear presentation, which
helps to present the design information
to other p~rticipants.

6)

Integration means less programming
in the end, as many of the modules
existing'tools
can be utilized at
programming of new subsystems into
large software sytem.

down-

15 % of the passengers are seasick in the
forward restaurant
shipping of green water on deck 5 times
per hour
eight degrees significant roll angle
four bottom slams per hour.

q.3.

Figure 5 shows the final results, ie. the fuel
consumption per nautical mile for several speed
values and for alternative pitch settings.

work
and
the
a
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