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In the non-bulk cargo world an
equally impressive change of events took
place. Conventional break-bulk ships with
their complicated masts and cargo booms
have given way to the container ship, and
then the different kinds of barge carriers
and roll-on/roll-off ships and to what
might be considered an end point in the
modularity sense: the integrated tug-
barge concept (which is really a multi-
section ship where the propelling section
is totally separable from the cargo carry-
ing section of the ship).

The growth in size of these ships has
been less than that for the tankers. But
the tremendous achievement that has
resulted is their increase in operating
speeds from the 10 knots to 15 knots at
the end of WW II to speeds of 25 knots
(and, the achievements by SEA Land of the
33 knot, high capacity SL-7 container
ships) (see Figure #4).

Also worthy of mention, is the
increase in the unloading rates for these
different kinds of ships. Tonnage
unloaded per hour for these new ships is
two to three ORDERS OF MAGNITUDE greater
than their WW II counter-parts.

Certainly these are "radical changes!"

Between the mid- 1950s and today,
three totally new marine surface vehicle
concepts have been developed and exploited
either commercially or by the military.
These are:

. Hydrofoils

. Hovercraft, and

. Small waterplane area twin hull
(SWATH) or semi-submersibles.

These three different types of marine
vehicles are as different from each other
(and monohulls) as fixed wing aircraft are
frcm helicopters.

The hydrofcil concept, though worked
on periodically earlier in the Century,
really began its development in earnest
during the 1950's.

Figure 4

BREAK BULK CARGO MOVEMENT

For the first six to eight years the
partially-submerged foil, hydrofoil was
the only type under development. Then in
the early 60's the U.S. Navy, soon to be
followed by other navies, began develop-
ment of the fully submerged foil hydro-
foil, to improve its seaway performance
and to increase its speed potential (see
Figure 5).

Towing tanks played very important
roles in foil development, transcavitating
and super-cavitating propeller development
and in developing a series which permitted
flexibility in the selection of hydrofoil
hull forms.

The second new vehicle concept was
the hovercraft- air cushion supported
vehicles either with a full skirt or with
two rigid side walls and a partial skirt
forward and aft, as shown in Figure 6.

These types of vehicles presented the
potential for very high calm water speeds
and, some improvements in speed in moder-
ate weather. The fully skirted hovercraft
(or the ACV) also presented an additional
important bit of potential -- the ability
to be operated in an amphibious mode over
both land and the sea.

The role of tanks in the development
of novercraft was substantial. In partic-
ular mareuvering and control system design
as well as configuration resistance and
prepulsion optimization necessitated inno-
vative, complex and comprehensive model
experimental techniques to be developed.

The {inal new venicle concept started
its deveiopment in the late 50's when o0il
exploration ied to offshore requirements
in fairly deep waters, where weather con-
ditions couid make it difficult for driil-
ing operations to continue with
conventional types of drill ship con-
figurations. This vehicle concept was the
semi-submersible which has crude block-
like lower hulls with three or more cylin-
drical columns extending upward to a
working platform many feet above the calm
water surface.

Figure 5
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About 10 years later the U.3, Navy
started the development of the Small
Waterplane Area Twin Hull (or SWATH) con-
p cept. This concept embodied much more
streamlined lower hulls and struts which
permitted exceptional seaway performance
at speeds up to 30 knots (see Figure 7).

l Tanks played an immense role in the
development of both semi-submerged ship
and SWATH technology. Seakeeping facili-
ties were absolutely essential not only in
developing configurations but also in
developing essential design tools for both
h semi~submersibles and SWATH ships.
Additionally, SWATH technology necessi-
tated maneuvering facilities, regular tow-
ing tank techniques and propeller and
cavitation facilities,

The sum and substance of all of this
is that today there are more than 1800 of
these three new marine vehicle concepts
that have been built for COMMERCIAL OR
MILITARY use.

0il exploration started to move off-
shore in the early 1950s. This led to a

Figure 7

SEMI-SUBMERSIBLES
& SWATH SHIPS

series of vehicle developments: the teth-
ered barge; the so cailed Jack-up where
the working platform would be jacked up on
three legs that would rest on the bottom;
modified monohull concepts with a "moon
pool" ~ an opening in the bottom of the
hull through which the drill rig could
extend and, of course the semisubmersible
drill rig concept that I referred to a
moment ago.

These concepts have evolved to create
the ability to drill for oil month in and
month out - regardless of weather and sea
conditions.

Competitive pressures (both commer-
cial and military) have engendered a con-
tinuing trend towards extending the
performance capabilities of many types of
surface vehicles to higher and higher sea
states.

The accompanying figure shows a some-
what typical northern latitude winter.
Wave height is shown as a function of time
for a three-month period during a nominal
winter (December through February) for the

Figure 9
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location shown. This happens to be a
place of military interest but it is not
all that different from what might be
expected by oil drilling companies operat-
ing in the northern reaches of the North
Sea or the Gulf of Alaska.

The continuing press to operate in
all but the most severe of sea conditions
has been the thread of thie many develop-
ments over the last four decades.

In addition to the jack-up rig, the
semi-submersible and SWATH configurations
have inherent characteristics that permit
all weather performance. Also, the hydro-
foil also has this characteristic. In
particular, the fully submerged foil
hydrofoil has, in fact, the smallest rela-
tive waterplane area and has shown supe-
rior seaway performance when in operation
follborne. A summary of these "all
weather" vehicles is shown in Figure 10.

Much work has also gone into making
the hovercraft operate well at speed in
heavy seas; to a point, *hat is in moder-
ate seas the efforts have been successful,
but more work has to be done in this area.

In the last decade, due to the
drastic increase in energy prices, there
has been a substantial investment in ways
to reduce fuel consumption. In the marine
vehicle business this investmen! as
focused on two primary areas: machinery
developments towards less energy consump-
tion and greater efficiency, and hull form
and propulsor designs to achieve greater
fuel economy. I will deal today with the
latter group.

Regarding hull forms, design tools
and facilities have been put to work in
order to develop configuraticns that will
permit the basic functions of the ship to
be performed in the most efficient manner,

In addition to the use of bow bulbs to
reduce wave making energy, we now see the

emergence of "stern bulbs," asymmetric
sterns, and coke-bottle lower hulls on
SWATH ships and other schemes shown in
Figure 11.

Tigure 10
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We have alsc encountered myriad pro-
pulsion concepts, some embodying only the
propulsor itself and others involving the
after part of the ship, or the addition of
counterswirl devices, in additior to the
propulsor.

In spite of the recent drop in fuel
prices, this trend will continue.

In the past few minutes I have covered
four of a larger number of areas that com-
prise the radical change that has taken
place in marine technology in the past 40
years. In addition, the following areas
deserve mention.

Undersea vehicles have gone through
their own revolution, for both commercial
and research purposes. The recent adven-
ture of the submersible ALVIN, and its
robotic tethered-vehicle JASON, and their
exploration down into the inside of the
TITANIC is truly an achievement of vast
proportions. Similarly, the tethered
vehicles that were used to find the Indian
air liner that went down off Ireland last
year are vehicles that can be very pre-
cisely contreolled and which can perform
useful functions while at the end of teth-
ers miles long.

Service craft such as tug boats and
the cther new types of vehicles that came
into being as a result of off-shore oil
expleitaticn have changed drastically. A
1507 to 2000 horse power tug was notable
in the 40's; we now have some ocean going
tugs that have 25,000 horse power! And
there are thousands of ships in this fleet
of off-shore support craft.

Ship ice operations for primarily com-
merciai purposes have engendered the deve-
lopmment of vehicles and platforms which
can withstand the rigors of high latitude
operations as well as specialized "ice
tank" develcpments.

During these four decades the fishing
industries of the world have gone through
tremendous change as evidenced by the tuna
clippers which developed in this country

Figure 11
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and fishing factory ships from other

countries. Even fishing trawls are now
being developed in towing tanks.

This meeting would not be complete
without mention of yachts; the literal
explosion of the yacht business in the
post-war years is obvious to anyone flying
near a coast on a summer weekend. And, I
should mention perhaps the largest chal-
lenge of all in the yachting world: the
recovery of the America's cup.

What does all of this mean us?

In the last 40 years many new towing
tank facilities have been built. In
addition, new and different types of faci-
lities have come into being such as
seakeeping facilities, planar motion
mechanisms, rotating arm facilities, and
greatly increased capacity cavitation
channels. These, as well as the tradi-
tional towing tanks and circulating water
channels, have all played an absolutely
vital role in the maritime revolution that
has taken place.

These facilities have been used in
their usual way of obtaining experimental
verification of the characteristics, etc.
for particular vehicle designs. They have
also played an even more important rcle:
that of developing the technical basis for
exploitation of computer-aided analysis
tools, computer-aided design tools based
on empirical analysis of broad data bases,

and validation of the development of basic
computer hydrodynamic design and analysis
codes.

In Figure 12 that you see before you
I have tried to indicate qualitatively the
role played by different kinds of towing
tank facilities in the five areas that I
have covered in this presentation.

The role played by you who have been
involved has been innovative and produc-
tive. Much has been achieved, and there
is much more to be achieved in the future.

I don't think that I have to tel’
of you that the maritime industry world-
wide is on hard times today, and has been
for the last few years. In 1946 times
were not very good either. The war had
come to an end. There was a glut of
available shipping. The world economy was
in a state of understandable turmoil. But
all of what I have covered with you this
morning began to unfold as the years
passed. A maritime revolution took place
and I doubt that anyone could have pre-
dicted the different and multi-faceted
courses that it took. But the revolution
DID take place.

All of us should be proud to have
been part of it and we should be confident
that we will be able t¢ contribute to its
continuation in the years to come.

Thank you.

ny

Figure 12
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REPURT OF THE PROPULSION COMMITTEE
TO THE 21ST AMERICAN TOWING TANK CONFERENCE

william S. Vorus
Professor
Department of Naval Architecture
and Marine Engineering
The University of Michigan

Ann Arbor,

INTRODUCTION

In describing the activities of the ATTC
member institutions in the ship propulsion
area siuce the last meeting at 3tevens in
1983, this report is intended primarily to
reflect the recent advances made in the field.
However, it seems in order to place the recent
advances relative to some absolute scale by a
brief statement on the existing limitations of
propulsion system design technology.

There are of course many existing
limitations, both analytical and experimental,
that prevent precise propulsor design. The
most important, however, is considered to be
the continuing inability to deal as effec~
tively as desired with cavitation, either
analytically or experimentally. Whether it be
from the point of view of noise generation
through tip vortex cavitation in military
applications, from the point of view of low
frequency structural vibration excited by
intermittent blade sheet cavitation with large
surface ship propellers, or from the point of
view of thrust breakdown associated with pro-
peller supercavitation in high speed craft, it
is safe to say that cavitation control is the
mcst important eleament of the progulsor design
process.

It is not clear, from the perspective of
the propulsion system designer, that as much
progress has been made in advancing propeller
cavitation control methodology in the last
three years as was made in intervening
periods between some of the past ATTC
meetings. Opinions of the ATTC membership on
this view would be welcomed by the Propulsion
Committee.

One area of ship propulsion technology
that has experienced significant advancement
in the last three years is that of compound
propulsors, as is reflected in several of the
individual member reports to follow. The
primary motivation has been reduced fuel con~
sumption. However, all of the old difficul-
ties, both analytical and experimental, are
exaggerated in designing compound propulsors.
Particularly, from a standpoint of testing,
the lack of Reynolds scaling is certainly more
serious. This is due in part to the lower
Reynolds numbers, and consequently more pro-
nounced viscous flow effects, associated with

Michigan 48104

slow moving parts, such as stators. This is
exacerbated by the fact that compound propul-
sors generally involve greater surface areas,
so that the viscous inaccuracies are amplified
through proportionately larger viscous force
components .

The member presentations constituting
the remainder of this report take several
forms, ranging from descriptions of general
activities, to more detailed summaries of
examples of specific research, to comprehen-
sive technical presentations. The member pre-
sentations have been collectively arranged in
order of increasing deqree of detail as
follows:

MEMBER PRESENTATIONS

1.0 TRACOR HYDPONAUTICS

The major portion of model testing in
the Hydronautics Ship Model Basin {(HSMB) has
been devoted to evaluating new ship designs.
Some examples are, for the U.S. Navy, a
jumboized oiler, a YFRT, the T-AGOS SWATH, and
a new T-AGS. For the U.S. Coast Guard, we
tested a mode]l of the 138 foot SWATH, a
corvette for the Mexican Na.y and a foreign
submarine. We have investigated the maneu-
vering performance of a towhoat flotilla in
deep and shallow water. Various underwater
vehicles have been tested for maneuvering
characteristics. Different propeller designs
were tested for possible use on a surface
effect ship.

A great deal of study has been devoted
to uncovering various hydrodynamic effects due
to the launching of underwater weapons.

Over a dozen different, large-scale
yacht models were tested to determine their
relative merits in future races.

A patented, unusual hydrofoil configur-
ation was model tested to assess feasibility
for full-scale applications.

For commercial clients, we have model
tested special towed arrays and a cable
diverter.

A substantial amount of research is
underway on a so-called "water piston" propul-
sion gystem. This patented device is an
exciting innovation, with potential applica-
tion to almost all marine vehicles. Essen-
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a hot slug oi gas 1is applied to a
cylinder of water. If the phvsics works out
in practice as it does 1n theory, it is
possible to eject the water at high efficien-
cies, even approaching that of a marine pro-
peller. The potentially simple propulsive
system is looking very atiractive. ‘lhe next
phase is the construction and test of a
full-scale system appropriate for propulsion
of an operational small naval vehicle.

The future apparently holds more of the
same, with perhaps one major addition. We
have actively studied various means of
quieting our model basin and carriage systems
to enable certain hydroacoustic tests. These
efforts have succeeded to the degree that test
programs are being discussed with potential
clients. A paper on this program is also
being prepared for the 1986 ATTC conference.

tially,

2.0 IMD-NRC CANADA

Zhe activities of our Institute for
Marine Dynamics related to the propulsion of

ships fall into 3 areas, which overlap some-
what, but can be broadly classifel as:
2.1 Commissioning New Facilities,
2.2 Research into Resistance and Propulsion,
2.3 Evaluation of ship Hull Forms.

A summary of the activity in each group s
glven below.
ded Commissioning New Fac:litics

The new Institute was officially opened
on November 5, 1985. The towing tank zarriage
was completed and accepted shortly afterwards.
In order to expedite the commissioning pro-
cess, as much equipment as possible was pro-
cured from commercial suppliers. Resistance
and propulsion guiders, propulsion dynamo-
meters, gear boxes and a propeller open water
dynamometer were all purchased from Kempf and
Remmers Gmbh, of Hamburg, W. Germany. The
only major pieces of equipment which were
designed and built in-house were the resis-
tance towing post and acceleration clamp.
manufacture of all the major components for
these pieces is now complete. Detailed assem-
bly will begin very shortly, and it is hoped
to have the units delivered by early fall
1986. We hope to have carried out at least
one ship resistance, propulsion and propeller
open water experiment by the end of the year.
We intend to carefully compare the results of
experiments with those carried out in our
Ottawa basin, and also with models tested in
other tanks. This is clearly of vite' impor-
tance to establish the regulation of any new
test facility.

The

2.2 Resistance and Propulsion

A series of analysis programs has been
written to analyze the results of resistance,
propulsion and propeller open water experi-
ments. These programs will analyze the re-
sults of experiments for single and twin screw
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ships, with or without propeller ducts.

Triple screw ships and planing hulls can also
be analyzed. We have standardized our experi-
ment methods using an overload propulsion
technig » since we feel this offers the most
flexibility in terms of selection of correla-
tion allowance and subsequent re-analysis to
alternative scales. New areas for development
will be test methods for sailing yachts,
planing hulls and other unconventional marine
vehicles including submersibles. We also plan
to expand into methods of numerical simulation
of flow around ships and the development of
new measurement techniques to support the
numerical modeling.

Se3  Evaluaticn a Ship Hull Forns

The NRC Hull Form Series for Fast Sur-
face ships has made a lot of progress since
1983, All models have been tested for resis-
tance (naked and appended), prooulsion and
head sea seakeeping. All acata has been
refaired for consistency and summary results
were presented by Murdey and Simoes Re in
“rtober 1985, at the NSMB workshop on Ship
Hull Form Desijn. A statistical analysis of
trends 1In r2sistance with hull form has been
carried ocut.

A new series has been developed from the
above series whicth 1Is mcore appropriate to
small ships, such as fisheries patrol vessels
and other similar craft. This series is
designed to have the same midship section and
block coefficient as the parent series, but
w#ith lower resistance in the Froude number
range 0.4 to 0.5. Preliminary model tests
have been completed showing the expected
improvement and it is hoped that the series
can be finished by March 31, 1987,

Ancther major project has been to de-
velop IMD's da*ta base for random ship forms.
This work involves computerizing all IMD's
existing model data, and developing a data
base system which will be appropriate for
modern design methods. It is hoped to have
the preliminary version ready by the middle of
next year.

3.0 TIHR, UNIVERSITY OF IOWA
The Iowa Institute of Hydraulic Research
(IIHR) is actively involved in a number of

research projects of interest to the Propul-
sion Committee of the 21st ATTC., The primary
focus of the IIHR research concerns viscous
flow effects in ship hydrodynamics. For pur-
poses of discuassion it is convenient to divide
the projects into two categories: bare-hull
studies and propeller-appendage-.ui. inter-
action studies. In the studies of the former
category the propeller and appendages are not
included whereas they are in the studies of
the latter category. It should be recognized
that although the bare-hull studies may not
seem to be of direct relevance to the Propul-
sion Committee, ultimately such developments
can be incorporated into the propeller-
appendage-hull interaction studies.
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3.1 Bare-Hull Studies

The objective of this research is the
development of computational and analytical
methods for predicting the detailed flow
field, including resistance coefficients, for
ships and submarines and the acquisition of
basic experimental data to aid in validating
such methods and explicate the physics. The
approaches of these methods inciude viscous,
inviscid, and viscous-inviscid interaction
procedures.

One research area concerns the develop-
ment of procedures for incorporating viscous
effects into the calculation of ship wave-
making resistance. Shahshahan (1985) and
Landweber have used their measurements of the
boundary layer and wake of a Wigley model at
several Froude numbers in the above mentioned
procedures to show that such effects are
important and lead to an improvement in the
wave resistance prediction. Extensions for
the nae ~f glapder-=~Av theory centerplane
distributions (previously thin-ship theory
centerplane distributions were used) are
presently being made (Hsu, 1986).

Anothcr research area concerns the de-
velopment of procedures for calculating ship-
stern and wake flows, 1.e., thick-boundary-
layer trailing-edge flows. The appropriate
governing equations for such flows are the
partially-parabolic Reynolds Equations. Chen
and Patel (1985) have developed a powerful
method for solving the partially-parabolic
equations using body-fitted coordinates, the
novel finite-analytic method, and a large sol-
ution domain so as to capture the entire zone
of viscous-inviscid interaction. The results
have shown very good agreement with experimen-
tal data for turbulent flat-plates, axisym-
metric bodies, and three-dimensional bodies
including practical ckip fcrms.

As an alternative to a large-domain
solution Stern et al. (1986b) have developed a
viscous~inviscid interaction approach for
solving the partially parabclic equations
using body-fitted coordinates, finite-
difference methods, and a small solution do-
main. The results thus far are for axisym-
metric bodies and show good agreement with
other methods and experimental data.

In support of this research, an exten-
sive set of measurements have been made of the
mean-velocities and the turbulent stresses in
the stern region and in the near and interme-
diate wake regions for a double Wigley model
(Sarda, 1986).

Lastly in this category, research is
being conducted concerning free-surface
effects on the hull boundary layer and wake,
including che bow, Patel et al. (1985) have
shown that the bow vortices originate fr:a
separation of the free-surface boundary layer.
Stern (1985a and b) has performed an
experimental-theoretical investigation into
the more fundamental aspects of free-surface
effects on the boundary layer of a surface-
plercing body, including wave-induced
separation.

3.2 Propeller-Appendage-Hull Interaction
Studies

The objective of this research is the
development of a computational method to
determine the interactive and combined flow
field over the stern and in the near and far
wake for propeller-hull configurations, and
the acquisition of experimental data to aid in
validating such methods and explicate the
physics. Stern et al. (1985c, 1986a) have
coupled the Chen and Patel (1985) partially-
parabolic method for calculating ship-stern
flow with a propeller-performance program in
an interactive and iterative manner. A body-
force distribution is used to represent the
propeller in the partially-parabolic method.
Results have been obtained for applications of
various levels of flow field complexity:
rotationally-symmetric steady and unsteady
flows, and three-dimensional steady flow. The
steady-flow results for axisymmetric bodies
are in excellant agreement with the available
experimental data and show that the present
procedures are able to predict many details of
the flow field including the formation of the
hub voitex and 1ts dependence on propeller
loading. The preliminary results for a three-
dimensional body geometry (DTNSRDC 3:1 ellip-
tical body) are also guite realistic; however,
no experimental data 1s available for verifi-
cation. Al*hough much more work needs to be
done, especially for three dimensional flow,
in order to extend the method to realistic
ship geometries, it 1s concluded, based on the
present work, that the present procedures can
accurately simulate the steady part of the
combined propeller-hull flow field and can be
used with some confidence for predictions of
thrust deduction and effective wake as well as
other flow quantities of interest. The
unsteady-flow resul+%s are in reasonable agree-
ment with the experimental data. However,
they point out the limitations of the present
approach for simulating the complex blade-
to-blade flow. A more detailed representation
of the propelle~ than the body force is
required. Further work along these lines is
also being done.

Lastly, ztudies are underway for body-
appendage configurations (Chen, 1985). 1In
this case, the propeller has not been in-
cluded. The focus of this work concerns the
appendage wakes and their influence on the
nominal wake.
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4.0 DWINSRDC
4.1 Propelier Research

Recent propeller research has included
design method development for advanced propul-~
sors, real blade flow effects, and new blade
section design.

Design procedures are being developed for
duct-propeller systems that will reduce the
nonuniformity of the propeller inflow. In the
past, ducted propellers have been designed
using ideal linearized axisymmetric duct geo-
metry. New procedures will use potential flow
panel methods to model the duct more exactly,
and alicw iul asymmetric duct geometries to
effectively reduce the circumferential varia-
tion of the propeller inflow.

Experimental and analytical studies have
been proceeding to understand real flow, vis-
cous eflects on propeller performance. Blade
boundary layer characteristics have been mea-
sured model scale, and concurrently, blade
boundary layer prediction codes have been
developed showing good qualitative correlation
with measured data. This marks a good begin-
ning, but the complex details of propeller
flows~tip vortex, hub intersection, wake
modeling and the actual conditions of complex

circumferential varying viscous ship wakes
will make complete theoretical prediction
difficult for some time.

A program has begun this year to develop
blade design techniques incorporating arbitrary
blade section shapes to minimize cavitation and
its adverse effects. The work is an adaptation
of similar two-dimensional hydrofoil section
design by Shen at DTNSRDC. Arbitrary two-
dimensional section shapes are incorporated
into propeller geometry through lifting surface
calculations of the effective three-dimensional
camber from the specified two-dimensional load
distributions. Two-dimensional thickness dis-
tributions are retained in the final propeller
geometry. Fundamental designs of unskewed and
skewed propellers will be evaluated.

4.0 Propulsion

Research and application of new hull
designs has been continuing since the last ATTC
conference. Ongoing research areas have
included stern wedge shapes, SWATH hulls, C-P
preneller performance correlation, and bulb
design.

The application of wedges just forward of
the transom on combatant hull forms has been
investigated in recent years., The use of
wedjes has resulted in reduced resistance at
high Froude number, Also, some benefit has
heen seen in improved hull efficiency by means
of 1increased thrust identity wake fraction.

A new SWATH propulsion option has been
explored wita the us' of contrarotating propel-
lers. Contrarotation permits the possibility
of incorporating high efficiency, contraro-
tating electric drive motors installed inside
the SWATH hulls. Alsc, improved propulsise
efficiency and cavitation performance are pos-
sible with contrarotating propellers. Wake
scale effects have become an increased concern
for the ship design community at DTNSRDC. With
each new propeller design, the implications of
the full scale wake are considered. For a
recent SWATH desiqgn, the effect of the pre-
dicted full scale wake on the final propeller
pitch was checked, using a body of revolution
approach. To date, utilization of the full
scale predicted flow through the complete pro-
peller design process has not been done. There
is a trade off between substantial design
experience using model parameters and appro-
priate correlations, and the potential of im-
prcved full scale cavitation and propulsion
performance with a full scale design approach
that aoes not benefit from experience.

Recent full-scale trials of ships fitted
with controllable pitch propellers have indi-
cated the need for more accurate measurement of
blade pitch angle. The ship-board blade pitch
indication may have associated inaccuracies
that are reflected by propeller revolutions
different from those predicted by model exper-
iments. A program is underway to precision
instrument the controllable-pitch propeller
hubs to more accurately measure blade pitch
during sea trial installations. With the more
accurate pitch measurement, better correlation
is expected between model experimental predic-
tions and full-scale trial results.



5.0 ARL, PENN STATE UNIVERSITY

An example of recent research using the
ARL facilities has been the design and evalua-
tion of a counterswirl vane assembly for
improving propulsive efficiency, sponsored by
the U.S. Coast Guard.

Surface vessels with engines mounted
internally usually have a shafting arrangement
which leads to an inclination of the rotating
propulsion element relative to the fluid in-
flow. This, in turn leads to periodic unsteady
loading of the propeller, with one side of the
disc heavily loaded and the opposite side
lightly loaded. 1In normal design practice,
swirl is discharged in the exit flow which is a
source of inefficiency due to a pressure drag
on the propeller. A method of recovering this
lost energy is to design a compound propulsor
which congists of a stationary blade row either
in front or behind a rotor, placirg or removing
the swirl induced by a rotating element. An
effect of shaft inclination is to place swirl
into the direction of rotor rotation on the
side of the propeller which is heavily loaded,
tending to increase efficiency. However, on
the lightly loaded side, swirl in the direction
or rotor rotation is induced, causing a doubled
reduction in efficiency. A design was con-
ducted which places a partial set of counter
swirl vanes upstream of a propeller on the
lightly loaded side. The vanes are mounted on
the shaft bearing housing. Two effects were
intended. Elimination of vanes on the heavily
loaded side of the propeller eliminates skin
friction and pressure drag associated with the

PROPELLER

VANES

SHIP HULL

COUNTERSWIR(

placing of excess swirl in the inflow. The net
swirl placed in the flow is equivalent to the
propeller induced swirl, with the possibility
of an improvement in propulsive efficiency. 1In
addition to the above, the partial counter
swirl vanes produce a pcsitive trim force,
which is beneficial in some cases.

The design philosophy described above was
applied to two United States Coast Guard ves-
sels, a 41 foot Utility Patrol boat and an 82
foot vessel. The design for the 41 foot boat
was field evaluated. The design was adapted to
a twin shaft configuration, with opposing di-
rection of rotation. Fanh propulsor consisted
of a stanlard propeller with a partial set of
counter swirl vanes upstream. The top most
vane was installed as a mod.fication to the
bearing support strut. Two high camber vanes
were mounted close to the horizontal axis of
the boat on the lightly loaded sides of their
respective propellers. Two moderately cambered
vanes were mounted near the bottom of each pro-
peller. All of the vanes were attached to a
partial ring, which was welded to the bearing
housing immediately upstream of the propellers.
All of the vanes were designed to impart coun-
terswirl into tl.e propeller. The outline of
this arranrtement is presented on the Figure 1.

The design described above was tested at
Norfolk, Virginia, under the direction of the
Naval Sea Systems Engineering Division. Shaft
RPM, thrust, torque and boat speed were re-
corded. Fuel consumption was metered and hull
vibration levels obtained utilizing an accei-
erometer. Data were obtained for the standard
and the compound propulsor on the same hull.

COUNTERSWIRL
/mRECTlON o VANE ASSEMBLY
[ PROPELLER
ROTATION
VIEW LOOKING FORWARD
Figure 1. Counter Swirl Vane Assembly
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The compound propulsor provided a gain
in efticiency at all speeds, using the same
propellers. The increase in speed at a given
power level compensated for the increased
level of preswirl and the engine power charac-
teristic was not adversely affected. A nomin-
al improvement of nine percent in fuel con-
sumption was measured., Given the cost of
fabricating and installing the counter swirl
vanes, a payback period of one year is esti-
mated. No adverse vibration change or effect
on trim was noted. Utilizing the experience
gained during this design and evaluation,
additional improvements in efficiency and vi-
bration are being considered.

6.0 TEVENS INSTITUTE OF TBECHNOLOGY

Research work in areas related to pro-
peller mean and vibratory forces conducted in
part at Davidson Laboratory and mainly in the
Department of Civil and Ocean Engineering has
dealt with the effects of shear flow and
theoretical aspects of the design ¢f ducts to
mitigate blade-rate forces and intermittent
blade cavitation on ducted propellers.

The coupling of propeller induced flow
with an experimentally generated axisymmetric
radially sheared wake was investigated experl-
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mentally in the MIT water tunnel by Breslin
and Goodman (1) with the assistance of
Protessor J. Kerwin and Mr. D. Lewis of MIT.
Comparison was made with a theoretical model
developed by Goodman (2). The abstract of
Reference (1) is quoted as follows:

"A wake adapted propeller was tested
behind the wake for which it was designed and
also in uniform flow. Direct measurements of
flow velocity near the propeller disc were
obtained in both cases, as well as thrust and
torque coefficients vs. advance coefficient.
Comparisons are made of the flow velocity with
a prediction based on a theory of a propeller
1n a shear flow due to Goodman. Comparison is
also made of the increase in velocity due to
shear from the thrust coefficient vs. advance
coefficient curves hased on thrust identity.

It 1s shown that an effective wake (i.e., the
nominal wake augmented by the effect of shear)
as predicted by the theory agrees with the
measurements to within a percent or so pro-
vided the nonlinear version of the theory 1is
used.”

The principal results of the experiments
and theory are displayed i1n Figure 2 below. The
nonlinear version of the theory was found to be
necessary because the induction of the actuator
disc is considerably in excess of (.10 Vg

gl tiate. AVt measured
v velatities have been Thearetical
corrected by & factor ~._ Effective Wake
105 (o account for
the presroce of (el {W)-13))
S~ tunnel walls.
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Figure 2. Theoretical and Experimental Axial Velocities Behind the Wake Screen
in the Plane of the Propeller
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The effect of radially shear axisymme-
tric inflow upon the geometry of a duct
carrying a specified loading in the presence
of a propeller (actuator disc) within the duct
with a given loading has been studied by Dr.
Hosung Lee (3) in his doctoral dissertation
under the guidance of Professor J.P. Breslin.
Lee's abstract is quoted as follows:

"We consider the linearized Euler equa-
tions and the continuity equation with the
assumptions of large shear and small pertur-
bation velocities of a ducted propeller.

Manipulating the Euler equations and the
continuity equation in cylindrical coordinates
for axisymmetric shear flow, a Poisson type
equation involving the disturbance pressure
can be obtained. A formal reduction of this
equation yields an integral equation for the
pressure which can be converted toc a manage-
able non-homogenecus integral equation by
means of a Fourier transform.

We treat the integral equation as a
linear system using the far field boundary
condition.

Duct and propeller are treated separ-
ately to obtain perturbation velocities of
each with and without shear flow and these are
then combined for the design problem of ducted
propellers.

The loading on the duct 1s taken as the
roof-top distribution and loading on the pro-
peller disc is assumed to be an arbitrary
distribution with the proviso that the com-
bined loading can produce the Jdesigned thrust
coefficient.

Each component of the induced veliocities
1s calculated from the original Euler equa-
tions and continuity equation and the pressure
distribution 1n the ahsence and presence of
shear. Duct thickness effects with shear are
discussed.

A design method for ducts is provided for
flows with and without shear from the exact
second order kinematic boundary condition on
the duct surface for given propeller-thrust
and duct-thrust coefficients. Duct geometry
is calculated for both with-and without-
shear-flow cases. Significant effects of
shear are noted in the derived duct geometry.

A sample of the induced axial velocity
with and without shear (the shear is derived
from model wake data of a moderate v-shaped
stern given by Hadler and Chang, SNAME Trans.
Volume 73, 1965) is given in Figure 3. We sce
that the effect of shear is very pronounced.

A comparison of the duct camber t;,. and
conicity angle, a , with the NSMB 19A duct is
given in Table 1.

Dr. T.R. Goodman and J.P, Breslin (4}
have developed a procedure for the design of
ducts to produce net flows in a nominal hull
wake at the plane of the propeller which have
reduced gspatial harmonics at selected harmonic
order numbers. The abstract of Reference 4 is
ag follows:

"& procedure based on inviscid flow
theory is detailed for the design of propeller
ducts to reduce specific spatial non-
uniformiiies in given nominal ship wakes. The
objective is to produce net flows to enclosed
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Figure 3. Axial Induced Velocity due to Duct
loading with and without Shear at x = 0

T T T
KSHMB 19A, KAL-33( Without Shesr With Shear
‘1, 2.820 2.620 1.420
‘1 0.889 0.7202 0.8612
3.309 3.3402 1.4812
1y
¢, /¢ o
I PRI 1.6t w11
3 0.432t - -
1o 0.13 0.13 0.1
- -0. -0.064)
foun 0.07 0.0%630 0.06634
. . .
= 10.2 1.0 16.0

Table 1. Comparison of Calculated Duct Camber,
frnaxs and Conicity Angle, a , with and without
Shear and the Characteristics of the NSMB 19a
Duct at Comparable Loadings
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propellers which will reduce cavitation and
vibratory furces. The process ylields perpher-
ial variations of camber and conicity angle
which will reduce the amplitude of specific
wake harmonics to a maximum extent possible
under the arbitrarily imposed constraint that
the maximum sectional normal force coefficient
must not exceed unity. Applications are made
to reduce the first shaft frequency of two
wakes showing resultant first harmonics re-
duced by factors of 4 and 1.40 in the 0.8
radius region. A 9,5-inch diameter model de-
signed to reduce the tirst shatt harmonic of a
screen-generated wake has been constructed for
experimental verification of the efficacy of
the design. Computer proyrams are provided.,”

Figure 4 shows the vertical cross-section
of a Jduct Jdesigned to ameliorate the first
harmonic ¢t a ship model wake generated hy a
wake screen in a wind tunnel which turned out
to have about twice the first harmonic of the
series 60 ((Cp = 0.6) wake which it was
supposed to represent. Nevertheless, the
measurements with and without the duct as
displayed 1n Figure 5 show marked reduction in
the first harmonic. The theoretical predin-
tion 1S seen to compare very well when acscount
13 taken of the fact that the available mean
axlal velocity it the duct radius as measured
was 0.792 U, , I, being the reference speed
used 11 the Theory.

In a docteral dissertation hr, Y.¢. Chen

"

(5), under the guidance ot Professor
Tsakonas, undertook an elaboration of the
Goodman-Bres lin «design procedure of ducts for
smoothing of nominal-wakes of arbitrary har-

monis driers as outitne? n the followinyg
abstract trom Reterence bH:

"This stuly ox*ends and improves the
current propeller Jducts Jdesign procedure,
whlrh substantiaily reduces selected spatial
harmonics »f any given ship model nominal wake
ard thus homugenlzes the inflow field to the
enshrouded propeiler, This fact vonstitutes
the most important ‘actor i1n the study of the
ducted-propeller problem since by controlling
and homogenizing the propeller inflow field
the vibratory characteristics of the system
will be minimized and the intermittent blade
cavitation will be reduced substantially. The
duct shape is determined by means of the
so-called "Penalty Function" which guarantees
the minimum value of the net inflow field.
Three schemes have been studied in the attempt
to ameliorate the inflow field: Scheme #1,
with duct of constant chord length but with
varying camber, thickness distribution
(keeping conicity angle and tip clearance
constant). All schemes have been evaluated in
terms of the existing propeller-duct inter-
action program and thus conclusion has been
reached as for the most advantagious duct
shape. Systematic calculations have been per-
formed for two cases a) NSMB and b) SSPA
ducted propeller operating in a wake of Series
-60 (Cp = 0.6) equipped with three different
stern configurations. Conclusions have been
reached and recommendations have been made for
the selection of the most effective design
procedure.”
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These results for ducts in which the
peripheral variation of camber and thickness
ratios were achieved by finding the peripheral
variation in chord to minimize the net har-
monic amplitudes show that this method is not
effective, However, Chen made unnecessary
mathematical approximations in the process of
his development.

For calculated values of peripheral
variations in camber and thickness Chen showed
a 50 percent reduction in the fourth harmonic
amplitude of a particular nominal wake at 0.8
radius. However, upon use of this net har-
monic as i1nput to the Davidson Laboratory
unsteady propeller force program, he found
only a 15 percent reduction in blade freguency
thrust for a 4 blade propeller. This result
seems highly inconslstent.

Fiqgure 4. C(ross Section of a Duct Nesigned by
Drs. Breslin and Goodman to Ameliorate the
First Harmonic of the Axial Component of a Ship
Wake.
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Figure 5. Radial Variation of First Harmonic
of Screen-Generated Wake with and Without Duct
Designed to Reduce this Harmonic Amplitude.
(Tilt Angle ay = 0.156 rad; Cp=1.0, s=2,
M=1, XO=0u6)
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MARINE PROPULSORS FOR MINIMUM SHAFT-HORSEPOWER

T.E. Brockett and R.A., Korpus
Department of Naval Architecture and Marine Engineering
The University of Michigan

Ann Arbor,

ABSTRACT

Results are presented for a non-linear
constrained optimization technique applied to
the selection of the circulation distribution
for minimum shaft horsepower of conventional
and preswirl propulsors. The non-linear math-
ematical model of the propulsor is a straight
radial lifting line, representing the blades,
with a vortex sheet trailing aft at a position
that may be dependent on the solution. For
the preswirl propulsor, an interaction veloci-
ty component is included and the thrust of the
rotor is increased to overcome the vane drag.
The major geometry variables and operating
conditions are fixed in the extremum problem
and the unknown circulation distribution 1is
taken as a finite-term sine series. Several
specifications of the shed-vortex sheet geo-
metry (light, moderate, and approximately hea-
vy loading) are included. It is demonstrated
that recent investigations producing improved
efficiency (relative to conventional criteria)
with increased tip loads result from including
a non-linear specification of the shed-vortex
sheet orientation in the analysis which was
not addressed in the approximate analytical
optimizations. For the lightly-loaded case,
Lerbs' criteria is essentially recaptured.

For the conventional propeller with a non-
linear specification of the shed-vortex sheet,
efficiency values slightly greater than Lerbs®
criteria can be produced with relatively
smooth circulation distributions and signifi-
cantly increased efficiency values are pos-
sible with highly-oscillatory distributions,
For the preswirl propulsor, minimum shaft
horsepower circulation distributions for a
given upstream vane set show trends similar to
the conventional propeller. For the preswirl
propulsor, the shed-vortex sheet specification
has a pronounced effect on the predicted ef-
ficiency.

1.0 INTRODUCTION

Recently there has been a renewed inter-
est in increased overall propulsion efficiency.
This interest is partially a result of a desire
for reduced fuel consumption due to increased
costs and has been further stimulated by the
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parametric investigations of Loukakis
(1971,1981) and Khadjimikhalev (1979,1984) who
showed that significant gains in efficiency
(relative to conventional criteria) are pos-
sible with increased tip loading. In addi-
tion, it is known (Dyne, 1984) that compound
propulsors offer a substantial increase in
efficiency over the conventional propeller but
procedures to define maximum hydrodynamic
efficiency are unknown.

In the present work, we undertake to
resolve these apparent differences in condi-
tions for maximum efficiency and provide some
insight into selection of circulation distri-
bution for maximum efficiency of a preswirl
propulsor consisting of a set of stationary
vanes forward of the rotating blades, This
configuration is mechanically simple and it's
mathematical model is straightforward. Also it
exhibits the essential feature of most compound
propellers that produce efficiency gains over
the isolated propeller (i.e., a significant
tangential velocity component occurs at one
blade row location). In subsequent paragraphs,
the mathematical model of this configuration
will bhe described.

In the present investigation, the extremum
problem is simplified to the case of finding
the circulation distribution that maximizes one
restricted form of the propulsor efficiency:

n = Crn/Cp ()

for fixed thrust-loading coefficient Cp, =
8T/(pV2WDZ), fixed major geometry variables
(i.e., the tip and hub diameter, number of
blades, chordlength distribution, thickness
distribution, and blade mid-chord location) and
fixed advance coefficient. That is, the power-
loading coefficient, Cp = 16nQn/(pV3ﬂDZ) is to
be minimized for a given thrust. Such a formu-
lation has an implicit assumption that the gear
efficiency and the hull-propulsor interaction
coefficients (thrust deduction, t, and local
effective wake fraction, wg) are unaffected by
the selected circulation distribution. The
assumption that the values of t and Wg are
constant is only approximately valid but serves
to make the problem manageable. (A more
general -and more complex- hydrodynamic problem
is to maximize the propulsive efficiency:
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ng = (V-t)Cqy/Cp (2)

for a fixed (1-t)Cpy and variable Cp with
major geometry and advance coefficient fixed.)

To proceed further, an algorithm relating
the power-loading and thrust-loading coeffi-
cients to the circulation must be specified.
One form of this relationship is the lifting-
line model {Moriya, 1933; Lerbs, 1952; and
summary by Morgan and Wrench, 1965). The equa-
tions resulting from this model are non-linear
1n two aspects: first the local velocity used
to compute the load consists of the sum of a
zeroth-order contribution from the onset
stream plus the induced velocity, and second,
the induced velocity (and hence flow angle) is
a nested function of the circulation at the
blades. This nesting is the explicit depen-
dence on circulation for the induced velocity
and an implicit dependence of the geometry of
a filament in the shed-vortex sheet on circu~
lation (representing the requirement that
1t follow a path that makes the pressure equal
on both sides of the vortex surface). These
non-linearities make the problem more d.ffi-
cult to solve relative to the linear depen-
dence on circulation for the lift and non-
tinear drag dependence classically addressed
for the planar wing.

Early attempts at finding a4 condition for
the propeller maximum efficiency (e.q,, Betz,
1919; Lerbs, 19%2; wvan Manen, 1255; Burrill,
1955) were not as rigorous mathematically as
more recent attempts employing calculus of
variations (Ceourant, 1953 and wu, 13973). The
calculus ot variations approach for the pro-
peller was 1nitiated by Moriya (1938), 1in an
elegant numerical analysis, and picked up
later by Wehausen (1964) followed by Morgan
and Wrench (1965); by Yim (1376); and by
Achkinadzhe (1985). The most complete of
these treatments is that of Achkinadzhe, who
includes a tangential preswirl component in
his analysis. The recent attempts are all
characterized by two approximations:

(1) simplifications 1n the treatment of a
complicated integro-differential equation that
is the optimizing condition, and

(2) explicit neglect of tha implicit depen-
dence on circulation in the nested non-
linearity for induced velocity described in
the preceding paragraph (i.e., for computing
the induced velocity components required
in the load integrals, the pitch of the
shed-vortex sheet is specified rather than
dependent on the circulation).

The first condition has been investigated and
found to be essentially negligible, but the
second aspect was not investigated. 1In one
simple approximate form, the mathematically
derived results recapture the Lerbs (1952)
criteria, i.e., that the condition for maximum
efficiency results when the hydrodynamic pitch
is proportional to the square root of the
local wake.

More recently Brockett and Korpus (1986)
have used a non-linear optimizing code and
include all the non-linearities in the analy-
sis plus an ability to vary the specification
of the shed-vortex sheet geometry. One result
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of their limited investigation is confirmation
of the parametric investigation of Loukakis

and Khadjimikhalev when the pitch of the shed
vortex sheet depends on the circulation and
agreement with the more traditional criteria
when the pitch of the shed-vortex sheet is
fixed. Hence 1t is clear that the difference
in the trend of the mathematical calculus of
variation analysis and the parametric trends 1is
a consequence of including (or ignoring) the
implicit non~linearity. Since it is the inclu-
sion of this non-linearity in the analysis that
is the essential feature of the trend of the
results obtained relative to tip loading, it
will be called a non-linear analysis when a
variable position of the shed~vortex sheet is
included and linear when the sheet geometry is
fixed In the extremum problem.

In the present work we are concerned with
the classical problem of finding the shape of
the circulation distribution for maximum ef-
ficiency with a fixed thrust. In design prac-
tice, a more global problem is addressed
involving additional practical constraints such
as structural integrity, noise, vibration,
weight, stopping and cost. A search for the
maximum efficiency (or minimum cost) subject to
these additional constraints is possible but it
1s specific to the particular problem. We do
not consider this realistically-constrained
optimization problem but note that it will add
at least one additional constraint relative to
the circulation distribution: limits on the
slope 1n order to avoid trailing-vortex cavita-
tion. Most of the other constraints are such
that the geometry is influencad but not neces-
sarily the circulation distribution.

In the precsent paper, thr investigation of
Brockett and Korpus (1986) is reviewed and
extended for maximum propeller efficiency of
both conventional and preswirl propulsors. In
the following section a description of the
lifting-line model of the conventional and
preswirl propulsor is outlined, then the non-
linear optimizing code is described, followed
by definition of the parent operating condi-
tions, the results and conclusions.

2. LIFTING-LINE MODEL

The equations selected to govern the opti-
mization process, and which are to be solved
(as part of the extremum problem), are those
appropriate for a lifting line representation
of the blades of a propeller. The presence of
the hub is ignored and the blade becomes a
straight radial line from which vortex fila-
ments trail :(ft in a helicoidal path. 1In our
previous investigation (Brockett and Korpus,
1986} these filaments were taken as quite
general geometrical specifications. However,
the contraction has a negligible effect on the
predicted efficiency and hence we ignore that
aspect in the present work, We did find (in
agreement with others) that the pitch of the
filaments was significant and include in our
model a provision for a pitch of the sheets
different than the hydrodynamic pitch at the
blades. The pitch angle of the sheets is dy
and the pitch angle at the blades is Jy. The




functional to be minimized (the power-loading _ ZG,, (xgpthxg) Dy
coefficient of the rotating blades, with sub- Upg = — =—=—-===---=~= v .- (10)
script b denoting the blade) is given as: XRb Dy,
Cp = 16nQn/(pVJnDbz) where Axplxg) = xg of filaments leaving vanes
- xg of filaments at blades = xpy - Xpp:
4nzy 1 ) )
= ---- | xg Gpixglvay L‘*CDb/Lctha“BIbJdeR but must be directly computed for wake-adapted
J Xhb (3) propulsors, Another coupling (which doesn't
manifest itself in the above equations) is the
where circumferentially averaged axial velocity in-

Vap = 1 = wgp(xg)

s dxgg (4)
2 xpp dXgge XR - XRo

which holds for either a single or preswirl
propulsor. The I, and Ip terms are calculated
from the approximations developed by Wrench
(see Morgan and Wrench, 1965). The functiocnal
forming the equality constraint for single
propellexrs is the thrust-loading coefficient:

2 ¢
Crh = CThdesign = 8Th/(wV "Dy )}

1
= 42y ; Guhixplve ' - | Cpp/Crp  tandyp jdxg (5)

Xhb

where
TXR 1 1 dGh  Itp ¥R+ XRoi Pwb,

Vo = === - -y mmm mm e e dxgy (6)
J 2 Xpp dxpg XR - %*Ro

The equality constraint for preswirl propulsors
is given Ly {(sub b for blades, v for vanes):

- - gl 2
CTh = CThdesign = 8(Tp *+ Ty)/{eVinDy<)

1
42y, Gplxglvyy, 1= Cpp/CLp, tanby dxg

H

Xhb
D, ¢ 1
+ 4%y -, ;) Sy Xp.Vpy V-1 Cpy/CryltanByy jdxg
Dy *ny
(7)
where
TXR 1 ;1 4Gy,  Iqn . Xp+XRoi Bub)
V'I‘b B mee- = - ? TTT mesmSsmsmssseee- deo
J 2 Xpp deo XR ~ XRpg
_ (8}
+ Upo (xg)
11 dGy  Iqy{XRiXRoibwy)
Vpy = = — ¢ mm- mmmmmee— oo dxgg (9)

2 xny dxpo XR - XRo

The last term in the vq, equation (equation 8)
constitutes the velocity field coupling between
the vanes and blades and represents the circum-
ferentially averaged tangential velocity com-
ponent induced in the plane of the blades by
the vanes. It can be derived by an application
of Stokes law for potential flow:
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duced in the plane of the vanes by the blades.
Provigiong for these terms are included in the
lifting line codes but are assumed negligible
for a preswirl propulsor. Of the remaining
coupling terms, the tangential induced velocity
at the vanes due to the blades can be shown to
be zero for potential flow; and the axial
induced velocity at the blades due to the vanes
is neglected as higher order. (Note that G, is
generally negative.)

The complicating aspect of eguations
(3-9) is that the functions Ip, Ip, By, By
and Cp all exhibit complex dependence on the
functions to be minimized, Gy and Gy.

The various trailing vortex sheet geome-
tries have been included 1n the above programs
through the definition of 4,. The lightly and
moderately loaded geometries follow the defini-
tions set forth by Lerbs (1952) and Prandtl
(see discussion of Betz, 1919). That is; the
lightly loaded g, 1s aligned with the local
Jeometric advance angle :, while the moderately
loaded py is aligned with the local hydrodyna-
mic advance angle at the blade (8, = pp). Our
heavily-loaded model takes this one step fur-
ther and aligns p, with the downstream wake
velocity. This velocity is estimated as that
obtained by using twi~e the values of the
salculated induced velocities (Up,Up) at the
l1fting lire {with Wrench's induction factors),
the cor-er:z being that the wake is no longer
semi-i1nfirite, but infinite.

The codes developed by Brockett (1979) for
single propellers, and subseguentially adapted
for preswirl propulsors (Brockett and Korpus,
1986), were chosen for this work. These codes
run very fast, and utilize Fourier series
representations for all numerical differentia-
tion and integration. This last attribute is
believed important since it should eliminate
any chances of "numerical aliasing." That is,
minimize the value of a derivative or integrand
at discrete integration points rather than over
the whole span. Another benefit of these codes
is that they have been extended to include the
lightly/moderately/heavily loaded models of
wake geometry (see description by Brockett and
Korpus, 1986). Some data were also derived
from a slight modification of the code des-
cribed by Caster (1975) that is based on input
values of the hydrodynamic pitch.

3. OPTIMIZATION METHOD

The procedure is essentially a Ritz
method. The assumption is made that the opti-
mum circulation distribution can be represented
by a Fourier sine series:
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G(p) = Gp sin(n¢) . (11)

n=1

where N is the number of coefficients to be
optimized. If one substitutes this represen-
tation for G into the equations for the load
developed by the lifting line, the problem of
finding G to minimize Cp for a given Cpp is
reduced to optimizing a finite number of dis-
crete variables. This is much like the
Reyleigh-Ritz method of structural analysis,
but, because of the implicit dependence of
the induction factors and the B's on G, a
quadratic functional does not result, and
there is little chance of solving the full
problem analytically.

Because of these non-linearities in the
resulting systems of equations, no attempt was
made to solve for the optimum G,'s analyti-
cally. Rather, the lifting-line code was
treated as a "black box," where the G,'s are
input and Cqp and Cp are returned. A systema-
tic variation was then set up utilizing this
black box to find the optimum set of Gp,’s.

The other half of this systematic varia-
tion was performed by a non-linear constrained
optimization program called GRG2 (Lasden, et
al., 1978,1980). This program uses a conju-
Jate gradient search algorithm, coupled with a
non-linear Newton-Rhapson sclver f{or meeting
the constraints, to take a new guess at the
constrained optimum op's. Essentially, the
two black boxes work in a cycle: GRGZ quesses
at the G, 's, and the Lifting-line code calcu-
iates Cpp and Cp. From the results of the
last few guesses, GRG2 figures out the best
direction in which to search for 1ts next
attempt.

4, PARENT _PROPULSOR

The starting point for cur investligations
was the conditions specified in Table 1, cor-
responding to NSRDC moael 4381 (Boswell,
1971). Most of our investigations are for
operation in uniform flow but for some aspects
a variable wake was selected to be a scaled
version {(to give a unit volume mean) of that
determined by Huang (1978) for an axi=-
symmetric body of revolution. For preswirl
cases the vane chord profile was kept propor-
tional to that of the blades, and the vane
diameter was set to 1.08 times the propeller
diameter. The empirical vane wake contraction
data presented in the table are propeller
values extrapolated by Greeley and Kerwin
(1982) from Min's (1378) measurements, but
were found to have a minor effect.

For the most part, blade and vane geome-
try such as chord length, diameter, and hub
radius, are considered constant, as is the
advance ratio. These parameters are most
likely fixed by other practical design con-
straints (described previously for the
realistically-constrained optimization)} that
need not be treated at this point. The onhe
exception is the vane chord lengths. Arbi-
trary selection of the vane chords, indepen-
dent of loading, can bias the results by over
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or under weighting the added viscous drag due

to the vanes.

Therefore,

the magnitude of the

vane chord distribution is selected to be
proportional to values in Table 1 but adjusted

Table 1

Parent Propeller, NSRDC 4381

from Boswell (1971)
and Onset Flow from Huang (1978)

Cryp, = 0.69 3 .89
Cp = 0.0085 t .0
Zp = 5 Z,
D,/Dp = 1.08
contraction ratio
of vane vortex
XRb c{xg)/D 1-wp{xg) filaments*
0.200 0.174 0.605 1.060
0.250 0.202 0.667 1.052
0.300 0.229 0.725 1.045
0.400 0.275 0.821 1.032
0.500 0.312 0.899 1.020
| 0,600  0.337 0.959 1.011
i 0.700 0.347 1.012 1.005
| 0.800 0.334 1.056 1.004
0.900 0.289 1,100 1.014
0.950 U.218 1.123 1.032
] 1.000 0.C0C 1.145 1.080
l l
';;:TEE~}17;;EEE§~1eavan vanes /xgy, of filaments
at blades

to keep the maximum lift coefficient at 0.8 (as
was described by Brockett and Korpus, 1986).

Some of our parametric investigations
include modifications to the diameter for the
same required thrust and rpm. Hence the load
coefficient and advance coefficient change with
this parameter. In addition, the blade area is
constrained to vary as the diameter ratio
squared. This criteria is essentially one pro-
viding for equal margin against thrust break-
down. Other minor adjustments were also made to
keep the hub radius fixed and adjust the radial
stations proportionally.

5. DISCUSSION OF RESULTS

Our first investigation was to determine
whether or not there was significant differences
between the Lerbs and van Manen criteria for the
relationship between hydrodynamic pitch and
effective wake fraction. These criteria are
both of the form .

Prixg) - L1 - wgixg)]® (12}

with Lerbs choosing A = 1/2 and van Manen
proposing A = 3/4. We modified the code of
Caster (1975) and performed a series of computa-
tions for various Cqy and J values using the
geometry and wake of Table 1. One result of
this investigation is shown in Fiqure 1 for the
parent J condition {(from Brockett and Korpus,
1986)., Figure 2 shows the power A to produce
maximum efficiency as a function of Cqp for J
values of maximum efficiency using Lerbs' cri-
teria. The dependence of A on Cpp is linear and
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extrapolates to A = 1/2 at zero load but is
more representative of van Manen's criteria
near the parent load coefficient.

Brockett and Korpus (1986) have shown
similar trends for both wake-adapted and
uniform-flow propulsors and hence the rest of
our investigation is concerned with only uni-
form flow.

In Figure 3 data (Brockett and Korpus,
1986) for the maximum efficiency as a function
of number of terms in the circulation distri-
bution (for the moderately-loaded shed-
vortex-sheet representation) are given. A
modest increase in efficiency is possible with
a slight increase in tip loading and, as shown
in Figure 4, a non-linear increase in effi~
ciency occurs as the number of terms becomes
large. Hence with a greater number of terms,
significant gains are possible but the shape
of the circulation becomes unrealistically
oscillatory from the stanupoint of real flow.
In Figure 5 the results for the 5 term series
are shown as a function of the shed-
vortex-sheet specification. As is clear, the
Lerbs' criteria is recaptured for the linear
model and the non-linear models indicate ten-
dency for increased tip loads.

The values of efficiency shown in Figure
5 have the same shed-vortex sheet location for
the optimization search and the load predic-
tions. However, it 1s more common to use the
moderately-loaded non-linear specification of
the shed-vortex sheet orientation to predict
loads. In Table 2, the efficiency for each of
the shapes shown in Figure 5 is presented for
the various models of the shed-vartex sheet.
In these calculations, the shape was specified

Table 2

Efficiency as a Function of 3hed~Vortex
Sheet Orientation at Parent Operating
Conditions (5-Term Sine Series)

SHED-VORTEX SHEET SPECIFICATION

Specification EMPLOYED IN CALCULATION

of Shed-Vortex

Sheet used in

Optimization LIGHT MOD HEAVY
LIGHT 0.681 0.703 0.716
MODERATE 0.669 0.716 0.741
HEAVY 0.662 0.715 0.744

and the magnitude adjusted to produce the
required Cpy at the given J value. These
computations show minor differences for the
various circulation distributions for a
consistent vortex-sheet model (i.e., the
columns are only a percent or two different
in value).

Parametric calculations for preswirl pro-
pulsors are given by Brockett and Korpus
(1986). Some of the results are that maximum
efficiency results from a low vane drag and
high propeller efficiency and that independent
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load distributions on the vanes and rotor can
produce high efficiency values. Also, a dif-
ference in efficiency of over 7 points at the
parent operating point was predicted for the
various models of the shed-vortex sheet for a
given vane configuration and fixed circulation
distribution. Representative data are shown in
Figure 6, repeated from that reference. This
figure illustrates two features of the preswirl
propulsor performance for the systematic varia-
tions described in section 4: (1) the increase
in efficiency is neglLigible to moderate for the
parent and lighter loads (i.e, increased dia-
meter} but becomes quite significant for
increased load (or reduced diameter), and (2)
the maximum efficiency occurs for the case that
the preswirl does not cancel the rotor swirl
velocity (the speed cancellation ratio is
almost equal to the torque ratio). Hence, ap-
plications with restricted diameter show most
improvement when preswirl vanes are employed.
In Table 3 and Figure 7, data are given
for various preswirl loads and number of term:
in the circulation distribution for operation
behind the vanes designed for elliptic circula-
tion on the rotor. As can be seen, the 5-term
optimum distributions are superior to the re-
sults for the propeller-alone distributions
(N ¢ 5}, As shown in Figure 4 and Table 3,
non~linear increases in efficiency are evident
with the 7-term series.

Table 3

Net Efficiency for Various Rotor Circulations
Operating behind a Set of Vanes Originally for
the Elliptic Rotor with Swirl Cancellation of
0.75 at Parent Conditions (Moderately Loaded)

| Rotor
Circulation n
Elliptic 0.720
Prop, 5 Terms 0.731
Tip, 9 Terms 0.73%
Opt, 3 Terms 0.725
Opt, 5 Terms 0.733
Opt, 7 Terms 0.752
|

As a final data set, we have calculated
the efficiency of a series of more heavily-
loaded preswirl propulsors as a function of
shed-vortex-sheet specification. These compu-
tations correspond to the reduced diameter
(0.8D,), and 0.75 speed ratio of Figure 6. The
vanes for the elliptic-loaded rotor are used
with both the elliptic-loaded rotor and the
tip-loaded rotor. Data are given in Table 4 for
the parent condition and a reduced diameter
condition. As can be seen, the reduced diameter
condition produces an even greater influence of
the shed-vortex sheet orientation than occurs
for the parent condition. Also, for the
heavily-loaded condition, some induced velo-
cities become so large that they exceeded the
onset flow and unrealistic flow angles are
predicted and hence data are not given for
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those cases. In any event, as much as 10
points increase in efficiency is predicted for
the tip-loaded rotor circulation distribution
when the shed-vortex sheet orientation follows
the moderately-loaded flow angle rather than
the lightly-loaded flow angle. Hence, the
specification of the vortex sheet orientation
is a critical practical issue to be resolved
for these highly-efficient propulsors. We
suspect similar differences occur for other
interacting blade rows such as contra-rotating,
post-swirl and vane-wheel propulsors.

For preswirl propulsors, systematic
variations in parameters indicates
that little gain in efficiency
relative to a propeller is expected
for lightly-loaded rotors but a
significant improvement in efficiency
is possible for increased loading
cases.

For preswirl propulsors, the maximum
efficiency occurs with arhitrary
distributions of circulation on the
vanes and rotor, but generally

Table 4: Preswirl Propulsor Efficiency as a
Function of Shed-Vortex Sheet Orientation

Parent 0.8 Parent Diameter
Conditions with same T , n
Propeller
Shed-Vortex Elliptic Tip-Loaded only Elliptic Tip-Loaded
Sheet Orientation | Rotor Rotor Elliptic G Rotor Rotor
Light i 0.702 0.689 0.548 0.631 0.605
Moderate 0.720 0.735 0.581 0.667 0.715
Heavy 0.731 0.759 0.604 0.689 N/A
Max_an (points) | 3 | 7 | & e | --

6. CONCLUSIONS

A.

For improved efficiency, the
relationship between the hydrodynamic
pitch and a power of the local effec-
tive onset speed 1s variable with
thrust loading. In general, less
than a half point increase in effi-
ciency occurs relative to Lerbs cri-
teria. The van Manen criteria of

A = 0.75 in equation 12 is prefer-
red to Lerbs value of 0.5.

The different trends between the
conventional (Lerbs, van Manen, and
Burrill) criteria and the tip-loaded
criteria for improved efficiency is a
result of the neglect or inclusion of
non-linear specification of the shed-
vortex sheet orientation. The full
non-linear model of propeller
performance leads to shapes of the
circulation distribution that are
remarkably different than for the
conventional criteria. For a reduced
number of terms in the sine series
representation of the circulation
distribution, the shape is not greatly
different than the Lerbs criteria and
small efficiency gains are predicted.
With a large number of terms,
significant increases in efficiency
are possible but strong viscous
effects are expected. This possibil-
ity of viscous effects must be care-
fully evaluated before any of the tip-
loaded distributions are used.
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efficient vanes and efficient rotor
are necessary for superior
performance.

The specification of the shed-vortex
sheet orientation for preswirl
propulsors may lead to 10 point
differences in efficiency between the
various sheet models. Hence there is
an urgent need to quantify the actual
sheet orientation in the mathematical
model.

Numerical inconsistencies prevented
the inclusion of conditions for
maximum efficiency for independent
vane /rotor loads.

Recent experience has shown the
optimum circulation distribution (but
not the efficiency) to be sensitive to
the initial gquess.
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EVALUATION OF SOME PROPELLER ANALYSIS METHODS
J.L. Kennedy, D.J. Noble and C.M. Casgrain
Defence Research Establishment Atlantic

P.0. Box 1012
Dartmouth, Nova Scotia, Canada

ABSTRACT

This study examines the correlation of
some current propeller analysis programs with
model test data, over a wide range of
operating conditions, in order to determine
the suitability of the analysis methods for
preliminary assessment of propeller designs.
Actuator disk theory is used to define input
parameters for the propeller wake geometry
using two dif{erent wakes. Predictions from
the lifting-surface analysis code PUF-2
developed at the Massachusetts Institute of
Technology (MIT) and from a related cavitation
prediction program recently developed at the
Defence Reserrch Establishment Atlantic (DREA)
are compared with experimental data obtained
in the depressurized towing tank of the
Maritime Research Institute Netherlands
(MARIN) .

NOTATION

¢ dimensicnless axial velocity increment

a
Cp drag coefficient

Cp pressure coefficient

C; critical pressure coefficient
Cp thrust loading coefficient

Kp¢ thrust coefficient

KQ torque coefficient

R radius of the propeller tip
R,y radius of the ultimate wake
cavitation inception speed

Vg ship speed

mean axial velocity in the wake
¢ transition wake pitch angle

‘w ultimate wake pitch angle

w mean ritch angle for the wake

29

n propeller open water efficiency

np propeller efficiency in behind
condition

Q propeller angular rotation rate
1. INTRODUCTION

The designer of naval propellers is
tasked with designing propulsors to meet
increasingly demanding propulsion and
zavitation requirements. The approximations
which are made in the design process may
result in a propeller which will not
completely satisfy the design objectives.
Model testing of propellers is exrensive; thus
propeller analysis metheods are routinely used
to check the :zuitability of a design prior to
embarking on a model test program. The
designer needs to know the correct mix of
parameters associated with theoretical design
and analysis methods which will produce the
most reliable results. It is also important
that the ultimate accuracy of the analysis
methods be defined in order that the designer
knows when he must resort to model testing.

For propulsive performance it is
advisable to assess the performance at off
design conditions, although emphasis is
usually placed on the design condition. The
performance at off design conditions is
required for the machinery control systems and
for cases where the structural loading of the
propeller is extreme. For cavitation
prediction the ship's operating conditions are
of most concern. Modern theoretical methods
must therefore be sufficiently versatile to
predict propeller performance and cavitation
over a wide range of operating conditions.

The evaluation of the capabilities of
propulsion and cavitation prediction methods
which follows draws comparisons between
results of prediction methods and model test
data, not full scale data. This then leaves
out the problems of model/full scale
correlation.

2. MATHEMATICAL MODELS

The major part of the theoretical data
reported here has been obtained using the MIT
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propeller analysis code PUF-2 and an extension
thereof called CAVITY. These are
lifting-surface methods in which the propeller
blades are represented by a distribution of
vortices and sources lying on the blades’' mean
camber surfaces. The propeller wake is
represented by vortex distributions downstream
of the blades. PUF-2 can calculate propeller
forces and moments for both the steady flow,
open water case; and for the unsteady flow,
behind case, when operating in the wake of a
ship hull. A full description of the method
is provided by Kerwin and Lee (1978).

Recently program CAVITY has been
developed at the Defence Research
Establishment Atlantic (DREA) to predict ship
speed for cavitation inception and back sheet
cavitation extent and thickness distributions
at a given operating condition. Inception
speeds are obtained by using a linear
Bernoulli equation to evaluate pressure
coefficients on the blade surfaces at a given
operating speed and then extrapolating at the
minimum pressure points for fixed advance
coefficient to obtain the speed corresponding
to the critical pressure coefficient at the
vapour pressure of water. If V; and Vg
are the inception speed and trial ship speed
and C, and C{ are the minimum pressure
coefficient and critical pressure coefficient
corresponding to Vg, then the following
relationship applies in linear, potential flow.

v G
l’\\Cp

The procedures in CAVITY for calculating
back sheet cavitation development are based on
methods developed by Lee (1980) and Van Houten
(1982). Some modifications to Lee's method
concerning chordwise singularity and control
point distributions as well as downstream wake
modelling are described in the paper by Noble,
Sponagle and Leggat (1986).

The geometry of the trailing vortex
system has a considerable influence on the
induced velocities and hence on the calculated
blade forces. As this gecaetcy in turn
depends on the propeller blade forces, it must
be calculated by iterative procedures. In
order to reduce the computational effort, it
is desirable to find a model for the wake
geometry which closely approximates the final
solution obtained with such a procedure. This
has been the objective of many researchers
including Cummings (1976), and Greeley and
Kerwin (1982). The latter, however, used a
prescribed radial contraction of the wake
coupled with a fast iterative wake alignment
scheme to provide wake pitch distributions in
steady flow applications.

The wake model, which is used in PUF-2,
is sketched in Figure 1. It consists first of
a transition wake, where the trailing vortex
sheet behind a blade contracts uniformly into
two roll-up points, one at the propeller axis
and one downstream of the blade tip with a
radial location defined by the contraction of

v, (1)

30

-y — L s

the slipstream. Downstream of the roll-up
points there is the ultimate wake which
consists of a concentrated helical tip vortex
and a hub vortex. The PUF-2 code must be
supplied with an estimate of the roll-up
radius R,, and the angle in the rotation

plane that the outer wake turns from the blade
tip to the roll-up points. It also must be
given the pitch angle at the outer edge of the
transition wake, ~p, and the pitch angle of
the ultimate tip vortex helix, ©. The user
of the program must choose suitable values for
these parameters and this study examines the
effects of such choices on results obtained.

Other wake models have been used by a
variety of authors. For cavitation
prediction, Lee uses a linear model in whirh
the entire wake is an undeformed helical sheet
of fixed pitch with no contraction. Another
version described by Van Houten, Kerwin and
Uhlman (1983) has no contraction of the near
wake but is followed by a sudden transition to
a rolled-up ultimate wake. In addition, as
distinct from PUF-2, this latter version
includes a gradual decay of shed vortex
strengths to zero at the roll-up location, and
constant values of ultimate wake tip and hub
vortex strengths related to the maximum mean
circulation on the blades. This model can
provide faster convergence for unsteady
cavitation predictions than the PUF-2 model,
and some results obtained with this wake are
also included here.

In selecting a slipstream contraction
model, Kerwin and Lee propose that a value
based on experimental data of R,,/R = 0.83
applies to a wide variety of propellers at
advance rneffiziitc Jronnd +tho design print.
They, however, note that some highly skewed
propellers show somewhat less contraction.
Kerwin and Lee aiso point out that the effect
of variations of the transition wake pitch
angle on blade thrust are quite substantial
for a five-bladed propeller. They suggest
that g might best be estimated as an
average of the undisturbed advance angle and
the hydrodynamic advance angle from
lifting-line theory.

Cummings has investigated the use of
actuator disk theory to predict the wake
contraction and the wake pitch angle. He
concluded that this approach can lead to
misleading conclusions about the geometry of
the ultimate wake, due to the finite number of
blades, vortex roll-up and the non-constant
axial velocity increment across the
slipstream. The PUF-2 wake incorporates
vortex roll-up, and so the results of applying
actuator disx results to this particular wake
model are worth examining.

Simple actuator disk theory predicts that
the inflow velocity into the propeller is
increased from a value V, far upstream of
the propeller to a value Vy (1 + ¢5/2) at
the propeller plane and V5 (1 + c;) far
downstream as shown in Figure 2. Here c, is
the dimensionaless axial velocity increment
which is related to the actuator disk thrust
loading coefficient Cy by,



ca =V1+Cr -1 (2)
From continuity considerations, the
slipstream radial contraction is found to
be,
Ruw: 1+ (c4/2) (3)
R 14+¢4

A single average wake pitch angle that
can be applied to both the transition and
ultimate wake is defined here from an estimate
of the mean axial velocity near the wake's
outer edge, V,; the rolli-up radius, Ry
and the propeller angular rotation rate, 9,
as:

_ v,
= (4)
Be = arctan( GRue )

One final variable input to PUF-2 which
was briefly investigated in this study was a
representative drag coefficient. While it is
not reasonable to expect the drag coefficients
of each blade section to be the same, it is
possible that an average drag coefficient can
be found to predict the propeller's overall
performance characteristics.

3. PROPELLERS TESTED

The theoretical models described above
have been compared with model test data on a
variety of propellers. The results for five
such propellers are presented here. All of
these are five-bladed propellers and sketches
of their projected and expanded blade outlines
and pitch distributions are provided in
Figures 3 to 7. Those in Figures 3, 4 and 5
are controllable pitch propellers, and those
in Figures 6 and 7 are fixed pitch.

Open water propulsion, behind cavitation
inception and cavitation extent tests with
these propellers have all been carried out in
the depressurized towing tank of MARIN,
formerly the Netherlands Ship Model Basin
(NSMB). Table 1 provides the full scale
propeller diameters and the scale of the mcdel
propellers. With these models, open water
tests were carried out at Reynolds number,
based on the rpm and the chord at the 0.7
radius, of approximately 10® for the
controllable pitch propellers, and 0.5 x
10® for the fixed pitch propellers. The
cavitation data were all obtained at Froude
scaled conditions.

Propeller Full Scale Diameter(m) Model Scale
5268 4.166 13
5733 4.318 13
5682 4.340 14
5349 3.048 10
5363 3.048 10
Table 1: Propeller Diameters and Model Scales
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4. PROPELLER PERFORMANC™ COMPARISONS

Studies on the influence of varying the
wake roll-up radius, the wake pitch angle and
the overall drag coefficient on the open water
predictions of PUF-2 have been carried out for
the above propellers. Kerwin and Lee have
shown that changing the rotation plane angle
turned by the outer wake between the tip
trailing edge and the roll-up points has a
negligible effect on the results. This value
was fixed at 90°. Instead of abruptly
changing the wake pitch angle from the
transition to ultimate wake, a single average
pitch angle was applied to the entire wake.

The drag coefficient was varied over a
range from 0 to 0.016 with all other
parameters held constant. As expected this
showed a uniform decrease in Ky and a
uniform increase in over the whole range
of advance coefficients, as the drag
coefficient was increased. The torque
coefficient was the more sensitive to these
changes. Based on the efficiency predictions,
a value of drag coefficient of 0.008 provided
the best agreement with the experimental Jata.

Analyses were initially carried out with
the radius of the ultimate wake, R,,., set at
constant values between 0.6 and 0.95. Later
this radius was determined by the continuity
relation which, being a function of Cg,
caused it to vary throughout the advance
coefficient range. The value of Cp used to
determine R, was obtained from preliminary
model test data. The results of these
procedures chow that the assumption of a
constant value of R, /R = 0.83 would give
quite adequate accuracy, as does the
continuity relationship which was found to be
marginally better at low advance ratios.

The axial velocity in the wake, V,, was
varied from a value of V5 to Vy (1 + cg)
to obtain estimates of wake pitch angle. The

use of the value V, resulted in divergence

in the numerical procedure at advance
coefficients below 0.4. The other extreme of
V, also yielded poor results at low advance
coefficients. A value of Vg5 (1 + ¢3/2)
provided the best agreement with the model
test data. This corresponds to using the
velocity at the propeller plane within the
stream tube or the average velocity at the
boundary of the stream tube and the freestream
in the ultimate wakn.

The best values of the input parameters
based on this study are then; an overall drag
coefficient of 0.008, - ultimate wake radius,
average axial wake velocity and corresponding
piteh angle defined above from actuator disk
theory. Using these parameters, the PUF-2
wake model was changed to one with no radial
contraction in the transition wake and a
sudden toll-up at radius R,, at the start of
the ultimate wake, together with associated
changes in shed and ultimate wake vortex
strengths described earlier. A sample
comparison of results obtained with the
conventional wake model and with the model
having no near wake contraction is shown in



Figure B for propeller model 5682. This case,
as well as other cases examined, demonstrated
clearly the superiority of the contraction
model for propulsion predictions over the
complete range of advance coefficient.

Comparisons of the best PUF-2 predictiomns
with the model test dala for the propellers of
Table 1 are presented in Figures 9 to 13. The
data represent quite a range of propeller
types, and there is no clear trend in the
correlation of model test results with theory
based on any geometric factor. The trend to
overpredict thrust and torque at low advance
coefficients is believed to be due to the
theory's inability to account for the loss of
lift from viscous effects and flow separation
at the high angles of attack. This may also
be true for propellers 5349 and 5733 at high
advance coefficients. Propeller 5349, for
which the correlation between model test and
theory was worst, was tested at the lowest
Reynolds number which may have exaggerated the
viscous problems at the extreme advance
coefficients. Propeller 5682, for which the
correlation was the best, was the only
propeller of this set which was designed by a
lifting-surface method and our limited
experience to date suggests that such good
correlation is a feature of propellers so
designed.

The open water data obtained from PUF- 2
for a particular propeller can be used in
conjunction with ship model propulsion tests
with stock propellers to predict the operating
rpm and propulsive efficiency, np, of the
propeller in the behind condition. Errors in
the open wzlor analysis will result in
corresponding errors in rpm and np.

To obtain a broad picture at close to the
design point, predictions of the operating RPM
and efficiency were made for all the
propellers of Table 1 when fitted behind
ships. The preceding recommended values of
Cp, Ryw and V,, were used to calculate
open water data for these predictions. The
results of this study are provided in Table
2. The rpm values from the theory were
generally lower than those from the model
test. The largest error being 2.6%. The
propulsive efficiencies were predicted to
within about 4%.

Ship
Speed RPM Efficiency
Propeller (kts) Model Theory Model Theory
5268 20 145.4 1l44.4 .618 .602
5733 20 122.3 119.6 .656 .630
5682 20 133.0 134.6 .599 .588
5349 15 134.2 133.5 .617 .642
5363 15 135.4 131.9 .641 .657

Table 2: Behind Efficiency and RPM Predictions

5. CAVITATION TEST RESULTS

Using the best values of input parameters
obtained for the propulsion comparisons with
PUF-2, the DREA code CAVITY was used to
predict ship speeds for back cavitation
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inception and the extent of sheet cavitation
development for the model propellers of Table
1. Predictions of cavitation inception speeds
on the back surface of the blades using two
wake models, one with and one without near
wake contraction upstream of roll-up, are
compared to model test results in Table 3.

Generally, calculated inception speeds
are slightly closer to model test results when
no contraction is applied to the near wake.
Except for propeller model 5363, predicted
back sheet cavitation inception speeds are
high by a maximum of about 2 knots with no
contraction and by almost 3 knots with
contraction compared to experiment. Model
5363 has back sheet inception predicted just
over 2 knots low with both wake models. Model
5682 experienced no back cavitation in tests
up to the 30 knot operating speed; however,
back bubble inception in the midchord region
is theoretically predicted just below the 30
knot speed.

Predictions
Contraction Type

Model Theoretical
Propeller Test No Contract.

5268 17.4 17.8 18.5 Sheet
5733 20.2 22.3 23.1 Sheet
5682 >30.0 28.1 26.2 Bubble
5349 7.7 9.9 10.3 Sheet
5363 15.2 12.8 12.9 Sheet
Table 3: Back Cavitation Inception Speeds(kts)

Figures 14 through 16 compare predictions
of back sheet cavitation extents with model
test observations for three of the model
propellers. These figures are projected views
of a blade looking downstream for selected
angular positions between - 180° and 180° with
0° at the top vertical positicn. Model test
chordwise extents are indicated by the small
circles. The results show little difference
in predicted extents with either the
contraction or no contraction models for the
near wake. However, the no contraction model
can provide up to 30% saving in computation
time compared to the model with contraction,
due to a faster convergence of the predicted
extents. Although propellers 5349 and 5268
generally correlate well with model test data,
calculations for propeller 5733 fail to
predict the large extents on the lower radius
sections of the blade. This might be due to
the larger thickness of lower radius sections
for this propeller which violates the thin
section assumption of lifting-surface methods.

6. CONCLUSIONS

The above study of the influence of wake
parameters and drag coefficients on the
predicted performance of propellers has
resulted in a choice of input parameters to
the programs PUF-2 and CAVITY. These require
only good estimates of the thrust loading
coefficient and an overall blade section drag
coefficient. The program PUF-2 has good
open-water prediction capabilities over a wide
range of positive advance coefficients. Use
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of such predictions results in estimates of
operating rpm and efficiency which are within
acceptable limits for determining the
suitability of a propeller for a particular
ship. The influence of viscous flow phenomena
not being included in the theoretical methods
is apparent for some propellers. It would be
interesting to see how improved modelling of
viscous flow separation effects included in
the methods of Greeley and Kerwin (1982)
performs with this range of propellers.

Predictions of back cavitation inception
speeds with program CAVITY are generally
within 2 or 3 knots of the model test
observations, which are close enough for
preliminary evaluation of the cavitation
performance of new propeller designs.
Extending the methods of Greeley and Kerwin to
the unsteady flow problem might help to
improve predictions of inception speeds on
some propellers.

Cavitation extent predictions at the
design points with program CAVITY generally
correlate well with model test data whether or
not radial contraction of the near wake 1is
applied. However, a faster convergence of the
solution procedure is obtained by suppressing
the wake contraction.

Large sheet cavitation extents developing
on thick root sections of a blade are not
predicted well by the lifting- surface meth
Perhaps a surface singularity method which
distributes vortices and cavity thickness
sources on the actual blade surfaces is
necessary to overcome this limitation.

For the propeller designer, the programs
PUF 2 and CAVITY provide very useful design
tools which can be used to optimize propeller
designs prior to model testing. This approach
is a cost effective method of arriving at a
suitable propeller design within the bounds
described above.
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ABSTRACT

The Garfield Thomas Water Tunnel operated
v the Applied Research Laboratorv. The
Pennsylvania State University has been used
‘or almost forty vears in the development of
‘anderwater bodies and propulsors. During the
past 12 years this facility has also been used
tor the development and testing of surface
.hip propulsors. In this relativelv new
resting role, the free surface component
sssociated with the ship’s hull wake i
neplected. Instead a shortened version ot the
suicrwater portion of the hull form is tested
o a flat plate in the closed conduit tes:
section.  Measurements of the three
dimensional wake made in the water tunnel in
‘he plane of the propeller have been in
excellent agreement with towing tank
reasurements. Recent efforts have led to the
cevelopment of a reaction fin which modifies
the wake swivl component from the inclined
propeller shafts. Removing this velocity
camponent creates a more favorable propeller
‘nflow and, in turn. a higher propeller
stiiciency Full scale tests have contirmed
the effectiveness of such a device. In this
paper the methodology. limitations. and
potential future utilization of water tunnel
resting for surface ship propulsor development
are discussed.

INTRQDUCTION

The Garfield Thomas Water Tunnel (GTWT)
of the Applied Research Laboratory. The
Pennsylvania State University (ARL/PSU) has
heern used for almost forty years in the design
and testing of underwater vehicles. Use of
this 48-in. diameter test section water tunnel
in submerged vehicle design and development is
well documented (reference (1)). However. if
used in concert with towing tank measurements,
a closed conduit water tunnel can be used as
an effective tool in surface ship propulsor
design as well.

During the past twelve years the GTWT has
been used in the development of surface ship
propulsors. The success of such tests, for
this relatively new role, depends on towing
tank measurements to establish a reference
baseline of model operating parameters.
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Recently, knowledge gained from water
tunnel measurements at ARL/PSU, led to the
development of a set of reaction fins which
were manufactured and tested on a 41-ft Coast
Cuard boat These full scale tests have
indicated a signiticant improvement in the
boats’ stock propeller efficiency when
aperating with the reactions fins installed.
The rationale leading to the development of
she reaction fins as well as the results
achieved are aiso addressed in this paper.

Backpvound

TWi became operational in 1950,
This turnel oshown in Figure 1) is over 90-ft
Totar and 30t high with a maximum diameter of
-t upsiream of the working section (Figure
R The evlindrical working section is 48-in
i~ diameter aud l4-ft long. Water velocity in

s Biny

Figure 1. Top View of the Garfield Thomas
Water Tunnel.
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4.9 ft dia. x 14.0 11 LONG
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Figure 2. Diagram of Water Tunnel Showing
Dimensions.

the working section 1s controlled by a tour-
bladed, adjustable-pitch impeller to a maximun
speed of 60 fps. Test section pressure may be
varied from 3 to 60 psia. This combination ot
operating parameters permits a wide range of
cavitation numbers. Since the water
temperature can be varied from 65 to 1109F, an
80% change in Revnolds number can be achieved
through che change in water temperature alone

Bv d»sign. the closed conduit water
tunnel is uniquely suited as a test tool in
the develonment of submerged bodies and their
propulsors However, by using an
mounting ard testing approach. the
1 sunnel has neen used as an important
the development of

innovative
watey
tool i1
surface ship propulsors

Test Approach

In water turnel testing a surface ship
propeller can be mounted in an inclined
) position to duplicate the wake from the open
drive shaft and struts. Figure 3. or with 4
model hull attached to a flat plate which
spans the test section, Figures 4 and 5. Bv
using a scaled model of the underwater portion
of the ship’'s hull a good representation of
the potential and viscous wake is obtained.
Due to the nature of the test facility
4 involved, there is no free surface and hence
no free surface wake components. Generally,
the contribution to the wake due to the free
surface is small.

oy

-«

-
2 > I

Figure 3. Model Ship Propeller in an Inclined
Flow.
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Figure 4. Diagram of Ship Model Hull and
Propeller in GTWT.
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Figure 5. Actual Ship Madel Hull Installation.

In order to minimize installation
problems, the hull form model {s mounted in an
inverted position on a flat plate located in
the lower portion of the tunnel test section
so that the center of the propeller hub is
located at the centerline of
working section. Due to this
mounting arrangement, there
hydrostatic pressure gradient of about 2% of
the minimum measured cavitation indices In
general, this error {s within the accrepted
limits of data scatter. The hull form
representations used in water tunnel tests to
date have been 1/19th scale. foreshortened
models in which the aftmost 19% of the hull
(stern section) is accurately modeled. The
forward portion of the hull is simplv a
streamlined transitional fairing to the
model-scale afterbodv. The total model length
used in tunnel tests is roughly 45% of the
actual scaled hull form length for a cruiser
type hull. By using the shortened model.
higher Reynolds numbers and more realistic
boundary layer thicknesses are achieved. To
date, the models tested in the water tunnel
concerned propellers that were located outside
of the viscous boundarv laver. However. when

the water tunnel
inverted hull
is an error in



required. accurate representations of the
houndary layer can be achieved by the use of
midbodv screens. In either case (propeller
inside or outside boundary laver), towing tank
wike measurements are required to insure
accurate inflow to the model propeller.

Figure 6 shows a comparison of wake
measurements made in a towing tank compared to
those measured in the water tunnel in the
plane of the propeller. Whereas., the
propeller mounted on an inclined shaft
simulates radial and tangential components of
velocity in the ; lane of the propeller. the
presence of the model hullform afterbodv
acenrately simulates all three velocity
componen ts

The three-dimensional wake survey as
shown in Figure 6. s tvpicallv conducted in
the propeller-disk plane A retating wake
rake composed ot six miniature five-hole,
angle-tube probes (reference 3y, as shown in
Figures / and 8. is used to measure the three
velocity components The wake rake is rotated
through 3609 in predeteimined angular
inrcrements. At each ot these angular
positions, data are recorded trom each of the
six probes located at their prescribed radial
positions.
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Figure 6. Tvpical Circumferential Wake Survev.

Figure 7. Five-Hole Probe for Measuring Three-
Dimensional Flow Properties
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Figure 8. Five-Hole Probe Rotating Wake Rake.

Once the overall model installation has
been verified by the results of wake surveys,
propeller shaft thrust and torque measurements
are made at selected advance ratios spanning a
range of 20 percent above and below the
assumed operating advance ratio. The
customary coefficients are defined by the
following equations:

Advance Rario = J = Vg /nDp
Thrust Coefficient = K_ = THRUST
T 2.4
e D
P
Torque Coefficient = KQ = TO§ EE
dol Dp

where

n = the rotational speed of the
propeller

Dp = the propeller diameter
I = the fluid mass densityv

A characteristic graph of Kp and
versus J is presented in Figure 9. Although
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Figure 9. Typical ARL/PSU Measured Thrust and
Torque Data for a Model Propeller.
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these data have not been adjusted to reflect
full-scale ship performance, a one point
Compartsonl wiln aeuscied DLLT oo ate owering
data is shown on Figure 9 and obtained as
follows. For a given full scale velocity. Kt
is computed from predicted (or measured) full
scale data. At this value of Ky, the
corresponding value of J is determined from
the ARL/PSU model Kt vs J curve to give
model/full scale thrust identity. At this
same value of J, is determined from the
ARL/PSU KQ vs J curve. This value of KQ is
then compared with the computed from the
predicted full-scale data. For all propellers
tested, the agreement between the predicted
full-scale and the measured model-scale value
of Kq is within 5%.

Cavitation Observations

Once the model installation is validated
by the wake surveys and powering tests. the
cavitation characteristics of a surface ship
propeller can be evaluated. Cavitation
characteristics are recorded by visually
determining either the desinent or incipient
cavitation condition for the various forms of
cavitation as a function of advance ratio

At a given velocity, the cavirvation
ohservations are made bv svnchronizing a
stroboscopic light source with the rotation:i
speed of the propeller and then reducing the
tunnel pressure until a particular tvpe of
cavitation has formed. The tunnel pressure is
then increased until the desinent (ai! clean:
condition is reached, at which time the
pertinent parameters are recorded and the
cavitation index is computed. The cavitation
index ¢ is expressed as

P - P
= v
0 - —
) 7
172 \m
where
Py = the desinent free-stream static

pressure,

P, = the vapor pressure of the water at
its average temperature.

A typical graph of cavitation index
versus advance ratio for various cavitation
forms is shown in Figure 10. Also included on
the cavitation figure is the "ship operating
curve” and the corresponding inception speeds
for the various cavitation forms. The ship
operating curve is derived from calculated
cavitation indices based on the operating
depth of the propeller hub and velocities
obtained from thrust identities based on full
scale thrust predictions scaled from towing
tank data and water tunnel thrust
measurements. When the calculated ship
operating curve is superimposed on the
appropriately scaled cavitation inception
plot, the intersection with a particular
desinent cavitation curve determines a
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corresponding critical cavitation index for
the ship. A critical or so-called inception
Sueed Can caieule ed for the stip from the
corresponding critical cavitation index.
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Figure 10. Typical Cavitation Data for a Model
Propeller.

Past tests conducted in the GTWT
determined the effects of rudder throw on
propeller cavitation performance. Results of
these tests indicated a marked change in
cavitation characteristics due to rudder
deflection, Figure 11. Such results
tacilitate propeller design to provide
cavitation free operation at a given ship
speed. Scaling model cavitation data to
obtain absclute values of full scale
performance still entails some risk. However,
experience has shown that differences
cccurring in cavitation performance among
various propellers at model scale provides a
good representation of what will occur at full
scale.
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Figure 11. Effect of 25-Degree Rudder Throw on
Cavitation.

Additional Measurement Capabilities

In addition to the more or less
traditional measurements that can be made in a
water tunnel and applied to surface ship
propulsor design, there are a number of
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emerging measuring techniques that can greatly
enhance the propulsor design capability.

These new capabilities range rrom the aoviiity
to map the flow field at any plane to
predicting noise characteristics of new
propeller designs.

Flow Field Mapping

The miniature five-hole probe mentioned
previously has a maximum diameter of
.066-inches and was developed at ARL/PSU. The
usefulness of this probe is further
demonstrated in Figure 12, where the vector
sum of the radial and tangential components of
the velocity downstream of a set of stationary
fins 1s plotted. This representation clearly
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Figure 12. Radial and Taagential Velocity
Vectors Measured Behina a Set of
Stationary Fins.

shows the tip vortices and detailed wake
structure associated with each fin. The
ability of these small probes to measure
accurately this flow detail provides data to
compute a more exact Fourier representation of
the flow field. The resulting Fourier
coefficients are primary factors in the
analysis of the dynamic response of a
propeller.

Flow Relative to a Rotating Propeller

The hydrodynamic propeller designer is
concerned with the flow field relative to the
blades of a rotating propeller. In the past
this information has been lacking due to the
difficulty of the measurements. However, the
development of the laser Doppler velocimeter
provides a technique which makes these
measurements possible.

The data acquisition system employed at
ARL/PSU to measure the velocities relative to
a rotating propeller is shown in Figure 13.
The heart of this system is the data control
system which was designed and built at
ARL/PSU. This system receives a signal from
an encoder attached to the rotating shaft,
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Figure 13. Laser Doppler Velocimeter Setups
for Measuring Velocities Relative
to a Rotating Propeller

takes this signal and chooses the correct
instant when the laser beam is to be focused
at a preselected position relative to the
rotating propeller, accepts the scattered
light at that instant and passes on to the
next point. By changing the specified
position it is possible to obtain a survev of
the velocity field relative to the propeller.
Shown in Figure 14 is an example of such a
survey.

AXJAL VELOCITY
0 Vo =914 mig

ANGUILAR
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Figure 14. Axia! Velocity Behind a Rotating
Propeller: Relative to the
Propeller

Cavitation Noise

The GTWT was designed so that one side of
its test section can be fitted with an
acoustic tank in which a traversing reflector
hydrophone could be mounted. With the
hydrophone focused through the plexiglass
window and on the centerline of the test
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section the radiated noise from the model can
be measured.

To overcome restrictions due to metal
webs between the windows, an acoustically
transparent hatch cover has been procured for
the GTWT, Figure 15. This special hatch
replaces the original metal access cover to
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Figure 15. Acoustic Tank and Reflector
Hvdrophone Arrangement

the test section with a continuous plexiglass
window. A tank located over the large window
is filled with water and allows the
installation of additional hvdrophones. This
arrangement permits uncustructed acoustical

scanning of the model in the test sec

fon and
improved cavitation viewing.

Using these installations, and
measurements, it is possible to determine the
variatiorn of propeller cavitation noise as .
function of Revnolds number and to develop
model-to-prototvpe cavitation noise scaling
laws if full scale data are available.

Noncavitating Noise

In addition to cavitation noise. the CGTWT
can be used to studv noncavitating propeller
noise. This is accomplished with an arrav of
69 parallel-wired hvdrophones in a
hydrodynamic fairing which is located at the
end of the tunnel diffuser in front of the
first set of turning vanes, Figure 16. This
sensor permits the far field radiated noise to
be measured at frequencies > 300 Hz. When
used in conjunction with other sensors located
in the test section, dual-channel signal
processing can be used to identify sources of
propeller noise and paths of propagation.

TURNING VANES
AT NO. 1 TURN

Figure 16, GTWT Downstream Array.
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Recent Applications

By proper utillzatiun Of the Cest,
evaluation, and analvsis tools available
through use of the water tunnel, propulsor
design can be greatly enhanced. A recent
example is the modification of the inflow to
the stock propellers of a 41-ft Coast Guard
Utility Boat (UTB). The detailed design of
the reaction fins is described in reterence
(6).

In general, propellers operating on an
inclined shaft relative to the flow experience
an induced velocity in the plane of the
propeller and in the direction of propeller
rotation on the starboard side. Whereas, the
port side of the propeller experiences the
same induced velocity only counter to the
propeller rotation. Figure 17. By modifving
the induced radial inflow velocityv to the
starboard side of the propeiler (Figure 18) it
was rationalized that a higher efficiency
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Figure 18. Modified Radial Velocitv Inflow to
the Propeller.

could be achieved. This improvement was
attempted by installing a reaction fin
assembly shown in Figure 19, forward of the
propellers. Figure 20 is a photograph of the
actual installation on thec *win screw, 41 £t

UTB. The boat displaces about 13 tons.

Full scale testing and evaluation was
conducted on the James River off Newport News,
Virginia. Efficiency gains of nominally 5-6
percent were obtained for a given boat speed
or alternatively higher boat speeds for a
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Figure 1Y. Reaction Fins Forward of the
Propeller.

Figure 0. Actua. Rea t{o:

given power could be achieved with ~he
reaction fins installed These sains in
efficiency were achieved nsity the reacting
fins in conjunction with *i.. existing

propellers.

The potential savings in fuel costs.
cougpled with the advantage of using the
existing propellers with the reaction f{in
assemblies provides an attractive propulsor
arrangement which the . S. Coast Guard is
proceeding to evaluate for further
application.

Other Applications

The Ccast Guard application is one
i{llustration of what can be accomplished in
surface ship/boat propulsor design bv using
water tunnel measurements. However, by using
the more extensive measurement and flow
mapping techniques now available to the
propulsor designer coupled with rapid
computerized data analvsis., modest cost trade-
off studies can be accomplished to determine

the etfectiveness of more extensive propulsor
modifications or innovative designs.

Until just recently when energy costs
started to decrease, there was intense
interest in designing more efficient
propulsors. Modifications to the propeller
inflow as well as utilizing propeller wake
energy isuch as installation of a vanc wheel
on the QE II) were explored to gain
eff -iency. In a recent article by Ingvason
et al (reierence /), the merits of an
integrated propulsor/stern desipgn was
stressed. The water tunud’ could be an
effective tool in evaluating design variations
of such concepts at a relatively low cost
However, as new conceptis are developed the
effect of flucruating pressure forces on the
hull {s an ever prerccnt concern. By
utilization of additional instrumentation.
valid hull pressure force measurements can be
wode o oa relative basis. As with all model
testing more extensi.. comnarison with full-
scale field data arve required to develop the
model-to-full-size sraling laws

CONCLUSTON

fhe approach uscd v resting surface ship
the Garfield Thomas Water Tanmel

ellent apreerent witlh towing *ank

Wields

s

resulis A nnigus capability ot the tunnel

however is the abiiitv 10 measure the
cavitation characteristics of the propulsor in
the presence of the hull form. New techniques
recent {v develope? at ARL/PSU will give the
propulsor designer the necessarv information
to design and develop highly efficient, low
noise propulsors. This facilitv has a high
potential for increased use in hull pressure
force measurements and or the development of
integrated stern/propulsor concepts. When
used in concert with towing tank measurements,
the water tunnel is a highlv etfective tool in
surface ship propulsor design.
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ABSTRA

This paper describes a "Constant Acceleration,
Single Pass, Open Water Propeller Test” as utilized
during an experiment at the U.S. Naval Academy’s
ilvdrodynamics Laboratory. This technique experi-
mentally obtans rhrust and torauie coetticients for a model
propeller over a broad range of advance raiios in a single
run of the towing carriage. Results using this technigue
for a right handed wake adapted propeller are compared to
those obtained by more traditional methods.

The traditional method is to measure propeller
thrust and torque at both a constant advance and rotational
speed. This process requires several carriage data runs 1o
obtain a well defired set of open water curves. The
control systems of muny new towing carriages and
propeller dynamometers are capable of very low and
steady accelerations. This capability allows the
measurement of thrust and torque for a prupeller at a
steadily increasing or decreasing advance or rotational
velocity. By slowly changing either the forward velocity
or the rotational speed while keeping the other constant, a
complete and continuous set of open water characteristics
can be obtained in a single data run.

Two sets of right and left handed propellers have
been tested utilizing both methods and the correlation
between the two techniques has proven to be excellent. A
sample set of data for one of these propellers is presented.
The traditional method required three hours of testing time
for each propeller. The new method provided data for the
same open water propeller curve in only 15 minutes per
propeller. By reducing the total testing time involved in
the collection of dara, the impact of heat induced
instrument drift inherent in some torque-thrust
dynamometers is lesscned. This extra time can be utilized
to study the effect of a change in Reynolds Number that
can be produced by testing at several rotational speed /
forward velocity combinations. In addition, redundant
data points can be aquired allowing a better definition of
data repeatability.
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Time and cost are both critical factors in the design
of any marine vehicle. A new technique that can
potentially save these precious resources should be
investigated and Incorporated into the design process
whenever teasible. One of the frequently used design
tonls available to the Naval Architect in the determination
of the propulsion characteristics of his hull design is the
mode! selt-propulsion test. A phase of this test is the so
called "Open Water Propeiter Experiment” where the
thrust and torque characteristics over a range of advance
and ratational speads are determined. The purpose of this
paper is to present a new "Open Water Propeller”
experimental technique that has the potential of both
reducing the tank time and cost to obtain this type of
propeller data.

During November of 1980 we were involved in a
retest of 2 naval surface combatant at the U.S. Naval
Academy Hydromechanics Laboratory. This project
involved the performance of a mode! self-propulsion test
~mlizing both stock and wake adapted propellers. This
particuiar ship had twin screws, thus four separate open
water propelier tests were required to complete the
evnerimentation. While involved in these experiments,
we heard of a new propeller testing technique being tried
in circulating water tunnels that obtained data
dynamically. This new experimental technique had the
promise of providing a complete open water performance
curve in one data acquisition. However, in practice there
appeared to be a problem with obtaining repeatable data.

This paper presents an adaptation of this technique
for use in the towing basin. The results of one propeller
experiment performed utilizing this new approach are
compared to those obtained by the standard methods. Our
modified technique significantly reduces the data
repeatability problem of the original water tunnel
implementation.



SUKGROUND

The dynamic propeller technique, to the best of our
knowledge, has not been presented in published literature.
This method was originally intended for use in a
circutating water tunnel. The standard practice used to
obtain open water propeller data in a tunnel is to obtain a
set of thrust and torque measurements for a constant
propeller rotation and advance speed.  These
measurements are taken over a range of advance ratios,
typically in the first quadrant (forward ship motion,
positive propeller rotation), and obtained by several
discrete data acquisitions. The Dynamic technique obtains
a complete open water performance curve for both thrust
and torque in a single data acquisition. This is done by
changing the angular velocity of the propeller at a slow
and constant rate while holding the advance velocity
steady. It was observed that, if the acceleration rate of the
propelier was low enough | performance coefficients at a
given advance ratio could be interpolated trom the thrust,
torque, angular and advance velocity time histories. This
method assumes that the instantaneocus values of thrust,
torque, and advance ratio obtained from a constantly
varving svsterm are equivalent 1o those of a steady system.

The mecthod is very tempting for two major
reasons.  First, the cost and time savings are significant.
The reduction in toral testing time will permit the
acquisition of redundant points giving a better definition
nf data repeatability.  These reduadant points can be
obtained at ditferent Reynolds numbers by simply varing
the fixed advance speed. The second myjor eftect of this
method will be the lessening of the impact of
instrumentation drift. In fact, the impetus behind our
attempt at this approach was to minimize the heat induced
drift common to the thrust-torque dynamometer used in
our expenment.

One of the problems associated with the dynamic
technique, as implemented in the water tunnel, is that the
propeller rotational speed cannot be viried independent of
the tunnel velocity since the test propeller also contributes
to the tota) tunnel muss tlow. It has been purported that
this etfect 1s the major contributor to the lack of
repeatabilty, most likely due to the settling time and
dynamics of the water tunnel's flow system. This
problem is avoided in an open water towing basin since
the propeller will have negligible influence on water
circulation, provided an adequate inter-run wait time is
used.

In our particular case, the constant acceleration of
the propeller's rotation was not possible with the
dynamometer control system used. However, the control
system of the U.S. Naval Academy's 360 ft towing
carriage does allow for the very precise control of both
advance speed and acceleration. Therefore our attempts at
obtaining propeiler data dynamically involved holding a
constant rotational speed while slowly accelerating the
advance speed.
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The United States Naval Academy’s 360 Ft Towing
Basin was utilized it performing this experiment. The
major characteristics of this fucility are length 360
teet,width 26 feet. and depth 16 feet. A Hydronautics
water-cooled inductive pick-up type thrust-torque
dynamometer was used to measure propeller performance;
this unit had a stated range of 50 Ibs of thrust and 1(K)
in-lbs of torque. both capable of 100% overload.
Propeller rotation was measured with a 60 tooth magnetic
pick-up. while carriage speed was measured with a 100
pulse per foot ptical encoder.

These experiments were performed over a period of
3 calender days. Pre and post test calibrations indicated
no drift in the inherent static calibration rutes over the
course of the experiment. Thermal induced drift in thrust
and torque were present and characterized during the
measurement of the no load tares with a dummy hub.
These tares have not been applied to the data used in this
presentation.  Litte difference was found between the
static and dvnamic tares. In order 1o mask the actual
numerica! value of the propeller duta obtained, the tares
have not been reported.

All signals were amphified on board the USNA'S
low speed carriage. transmitted as a digital code across an
optical laser communications link to shore, then stored on
the Hydrodvnamics Laboratory DEC PDP 11/50
computer. The acquisition system was set at a data rate of
154 samples per second per channel. All signals were
filtered through Ithaco Low-Pass active filters set at a
51.2 Herz cut-off frequency before recording and
processing.  Subsequent analysis used the cemputer
records for raw data source information.

A 6 inch diameter 5 bladed propeller, model
number 4755 on loan from the David Taylor Naval Ship
Research and Development Center's propeller iibrary,
was used in this evaluation. The characteristics of this
propeller are shown in Table 1. This propeller was tested
at the tank’s centerline at a depth of 22 inches.

TABLE 1: Propeller Characteristics

Model Number 4755
Number of Blades 5
Diameter 625 FT
Pitch at .7 Radius RO0 FT
Pitch Diameter Ratio 1.28
Cherd at .7 Radius 272 FT
Blade Area Ratio 1.039
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The standard procedure used at the U.S. Naval
Academy in conducting an open waier propeller test is
typical of that used at most other facilities. Over a range
of propeiler advance ratios a discrete time average of
thrust and torque over the "steady" portion of a single
carriage pass is obtained. This "steady” portion of the
measured propeller data is selected based upon
observation of all of the recorded time histories. Each
discrete time average is made only when the propeller has
a fixed rotational and advance speed. The number of
discrete steady runs collected in a single pass is dictated
by the amount of total run time availitic. In our case, at
the carriage speeds required for this particular test, only a
single advance ratio could be obtained reliably in each
carriage pass, therefore each data point required a pass of
the carriage.

The step by step procedure used in collecting this
data was to first check the instrumentation zeros before
euach carriage pass by running the propeller dynamometer
at 1 rev/sec 2nd zero advance speed and measuring thrust
and torque. This was done to create a reference that
would be free of static friction and sticture. Next.
providing that the zero reference was within acceptable
limits, the speed of the dynamometer would be increased
until either the desired rotational speed for the run, or 75
percent of the dynamometer’s torque rating was reached.
If the desired rotational speed couid not be achieved
without exceeding the 75 percent torque limit, then the
propeller's rotation would be increased to the desired
value as the carriage accelerated. This was done to
minimize dynamometer wear and hysteresis induced by
overloading the dynamometer.

The propeller data obtained by the standard USNA
procedure is presented for propeller number 4755 in
Tables 2 and 3. This data was cellected in an advance
ratio range between .1 and 1.1 in the first quadrant. As
mentioned before, the results of the no-load tares that
were taken for this propeller have not been applied to the
data.

TABLE 2: Raw Data for Propeller 4755 Obtained by Standard Method

VILOCITY ROTATION
1psy (rps)
0.00 1297
1.00 1402
2.00 1403
.00 14.02
4.00 14.03
5.00 14.04
6.00 1398
7.00 13.99
800 14.00
9.00 14.01
10.00 1399
11.00 14.01
12.00 14.03

THRUST TORQUE
{Ibs) t-1hs)
30.36 3.64
37496 134
31479 1.00
31.42 369
27.94 335
214.32 298
20.72 267
17.43 2.3
14.34 202
11.30 171

7.85 1.34
421 .96
-0.19 0.45

TABLE 3: Nomalized Data for Propeller 4755 Obtained by Standard Method

ADVANCE THRUST TORQUE EFFICIENCY  REYNOLDS

RATIO COEFFICIENT COEFFICIENT NUMBER
X 10 X 109
0.00 0.702 1.788 0.000 2.400
0.11 0.654 1.196 0.099 2422
0.23 0.598 1.102 0.197 2461
0.34 0.541 1.016 0.290 2522
0.46 0.480 0.921 0.379 2,611
0.57 0.418 0.820 0.462 2.716
0.69 0.359 0.740 0.530 2.832
0.80 0.301 0.646 0.594 2974
1.03 0.195 0.471 0.678 3.295
1.14 0.136 0.371 0.667 3.468%
1.26 0.073 0.264 0.550 3.655
1.37 -0.003 0.123 -0.058 2.849
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. : CE TON -
METHOD

The constant acceleration method. as applied in this
investigation, consisted of accelerating the towing carriage
from zero to the maximum desired speed. Acceleration
rate was selected to allow the use of the entire length of
the basin's run with a normal stop and still reach the
maximum desired speed. The maximum desired carriage
speed was selected so that the full range of advance ratios
would be obtained at the propeller's fixed rotational
speed. By doing this, thrust and torque over a range of
advance ratios from zero to an upper limit fixed by the
maximum desired carriage speed could be measured in a
single pass.

The step by step procedure used to collect this
constant acceleration data was, as with the standard
method, to first check the instrumentation zeros by using
the 1 rev/sec reference. Next the dynamometer would be
set at the desired rotational speed (the 75 percent torque
limit was not used). Finally, the carriage was accelerated
to the desired maximum speed as data was recorded. It
should be pointed our that this method could create
hysteresis induced instrumentation drift in both the thrust
and torque measurements it the dvnamometer is
undersized since the 75 percent torque Hinit cannot always
be adhered to.

FIGURE 1
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Time histories of propeller rotational and advanced
speed, thrust and torque all as a function of time were
obtained during each pass. An example set of time
histories are given in Figures 1 - 4. In the case of this
example, the carriage accelerated from zero to 10.3 ft/sec
in 24 seconds at a fixed acceleration rate of 0.5 ft/sec?.
The velocity ramp shown in the example is linear and
steadv except for the initial 2 seconds where the USNA
carriage has a preprogrammed acceleration ramp 10 the
desired steady level. The resultant thrust and torque and
angular velocity curves are also surprisingly linear. The
unloading of the propeller during acceleration only
slightly affected the propeller's rotational speed by 0.03
rev/sec.

Instcad of steady time averages, as would be
presented for the standard open water test, single point
interpolations of the time histories made at one second
intervals are made. These interpolations are made by
fairtng through the instrumentation noise with a least
squares mean line to determine propeller values as a
function of time. Since the noise on all of the channels
was very low, little other than interpolation of the plotted
time histories was required to obtain this quasi-steady
data. These values for propeller 4755 are given in Tables
Jara s
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TABLE 4: Interpolated Data for Propeller 4755 Obtained by Constant Acceleration Method

TIME VELOCITY ROTATION THRUST TORQUE
(sec) (fps) (rps) (1bs) (ft-lbs})
18.00 0.00 14.04 41.32 4.64
{ 19.00 0.43 14.04 39.89 4.50
20.00 0.86 14.04 38.46 4.35
21.00 1.29 14.04 37.03 1421
22.00 1.72 14.04 35.60 4.07
| 23.00 2.15 14.04 34.17 3.93
24.00 2.58 14.04 32.74 3.79
! 25.00 3.01 14.05 31.31 3.64
26.00 3.44 14.05 29.88 3.50
27.00 387 14.05 28.44 3.36
e 28.00 4.30 14.05 27.01 3.22
{ 29.00 4.73 14.05 25.58 3.08
1 30.00 5.16 14.05 24.15 2.93
! 31.00 5.59 14.05 22.72 2.79
32.00 6.02 14.05 21.29 2.65
33.00 6.45 14.05 19.86 251
31.00 6.8% 14.05 18.43 2.37
35.00 7.31 14.06 17.00 2.22
] 36.00 7.74 14.06 15.57 2.08
§ 37.00 .17 14,06 14.13 1.94
] 38.00 8.60 14.06 12.70 1.80
r 39.00 9.03 14.06 11.27 1.66
1 30.00 916 14.06 9.84 1.51
4 31.00 989 14.06 %41 1.37
12.00 10.32 14.06 6.9% 1.23
J,. TABLE 5: Normalized Data for Propeller 4755 Obtiined by Constant Acceleration Method
Y
4 ADVANCE THRUST TORQUE EFFICIENCY  REYNOLDS
RATIO COEFFICIENT  COEFFICIENT NUMBER
X 10 X 10°
’ 0.00 0.710 1.274 0.000 2412
0.05 0.685 1.235 0.043 2.415
} 0.10 0.660 1.196 0.086 2422
' 0.15 0.636 1.156 0.129 2.434
} 0.20 0.611 1.117 0.171 2.451
0.25 0.586 1.078 0.212 2.472
0.29 0.562 1.039 0.253 2.498
0.34 0.537 1.000 0.293 2.528%
; 0.39 0.513 0.961 0.333 2.562
0.44 0.488 0.922 0.371 2.600
A 0.49 0.463 0.883 0.409 2.642
Ey 0.54 0.439 0.844 0.446 2.688
1 0.59 0.414 0.804 0.482 2.737
¥ 0.64 0.390 0.765 0.516 2790
1 0.69 0.365 0.726 0.548 2.845
0.73 0.340 0.687 0.579 2.904
! 0.78 0316 0,648 0.607 2.965
0.83 0.291 0.609 0.633 3.029
4 0.88 0.267 0.570 0.656 3.095
0.93 0.242 0.531 0.675 3.163
0.98 0.218 0.492 0.689 3.234
1 1.03 0.193 0.453 0.696 3.307
1.08 0.169 0.414 0.697 3.381
1.13 0.144 0.375 0.687 3.457
1.17 0.119 0.337 0.664 3.535
<0
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A comparison of the thrust and torque coefficients
obtained by both experimental methods is shown in
Figure 5. The continuous lines represent the propeller
characteristics obtained by the least squares fit of the
constant acceleration method. The data points are the over
plot of the steady state duta obtained by the standard open
water method. The correlation for this example is
excellent; scatter of the standard discrete method about the
continuous quasi-steady method is less than £0.40
percent for torque and less than (.87 percent for thrust.
The standard approach required two hours of testing time
per propeller while a single constant acceleration pass
requires 15 minutes, a factor of eight difference.

As was metioned earlier, a total of four propellers
were tested by both methads, and all compared equally
well. In fact, the example given represented the worst
correlation in our sample. These four propeliers all had
very flat coefficient curves, and therefore it can be
assumed that they would represent the best case for the
constant acceleration method. The flatness of the thrust
and torque coefficients as a function of advance ratio may
contribute to the linear response tound in the ume
histories, this allowing for just a simple least squares tit
of the data. A propelier that had more curvatare in iis
thrust and torque coeflicient curve muy not give a hnear
response during constant acceieration, and may reguire
cither a higher order fit. or more likely, a sphae it o
interpolate the data.

Ore potential problem that must be addressed is that
of thrust oftset due to propeller mass duning aceeleration,
This inertial force can be accounted for it a no-load tire 18
taken so that the dummy heb is equal in weight to the test
propeller. The tare is then taken by running the dummy
hub over the same test conditions as planned for the
propeller. In rhis example case the inertial force at 0.5
ft/sec would oniy be (.03 Ibs, this is assuming that the
mass ahead of the thrust flexure weighed 1.7 Ihs. The
low value of this inertial tare accounts for the betore
mentioned lack of difference between the static and
dynamic tares encountered during these experiments.

Another effect that should be considered is the
influence of acceleration on the propeller boundary layer.
Transistion is typically delayed duning acceleration. This
would imply that an accelerated propelier may encounter
laminar tlow problems ut much higher Reynolds numbers
than is found for the steady method. A decelerated flow,
however. can trip transition and may lower the critical
Reynolds number thus permiting the use of smaller
models for measuring open  water propeller
characteristics.

CONCLUSIONS

The constant acceleration propeller technique as
applied in the open water towing basin for the case of
constant rotation and accelerated advance speed, does give
results comparable'to the standard method. This method
does work in the first quadrant for propeiiers wiii flat
thrust and torque curves. The technique as described
here, as well as other variations, should be further
investigated to estubhish additional correlations and
limitations.

These mvestgatons should include the use of
propellers with highly nonlinear thrust and torque
characteristios i order to determine the impact of
nonhinear ume histories on data interpolation.  The
correlition of these results should be made in all four
Juadrants, acem to stuwdy nonlinear areas. The feasability
of the use of spline tis tor the interpolation of these time
histories inorder o generahize the duta processing should
be also considered.

In this example. constant acceleration of the
cartiage was used  Naiati facillities may be capable of
such carmiage control. However, constant acceleration of
propeller rotation may be more easily obtained, and
should also be swudied. In fact, if both advance and
rotational speed can be varied so that a constant propeller
Reynolds number is maintained during a pass, curves of
ceastant Revnolds number can be obtained. This would
be a useful tool for investigating the influence of
transistion on model propellers and the impact of
aceeleration and deceleration on propeller transition.

FIGURE 5: Comparison of Methods
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OPTIMUM CIRCULATION DISTRIBUTIONS FOR
SINGLE AND MULTE-COMPONENT PROPULSORS
Justia E. Kerwia, William B. Comey and Ching-Yeh Hsin

Massachusetts Institute of Technology
Cambridge, Massachusetts

ABSTRACT

A vortex lattice lifting line theory is developed which can ac-
comodate both single and muitiple component propulsors. An op-
tiinization procedure is derived which permiis ...e determination
of the radial circulation distribution on the individual components
as well as the division of loading between them. Comparison with
other optimization methods for single propuisors is made. Results
are given for an individual propeller, contra-rotating set, propelter
with a pre-swirl stator, and a propeller with a vane wheel.

INTRODUCTION

In spite of the development of elaborate lifting surface design
and analysis methods, as weil as the recent introduction of sur-
face panel codes, lifting line theory still plays an essential role in
propeller design. The reason is that the most reliable prediction
of the relationship between the radial distribution of circulation
and the resulting thrust and torque comes from a Trefftz plane
analysis, which follows directly from lifting line theory. In addi-
tion, lifting line theory provides a variety of essential inputs to the
propeller design process thus permitting parametric studies to be
made to determine an optimum design from the point of view of
efficiency, cavitation strength and cost.

While lifting line codes for single propeilers have been avail-
able for many years, their application to the problem of muiti com-
ponent propulsors has generally been handled by coupling single
propeller codes in an iterative way. It therefore seemed worthwile
to develop a new computational scheme which could handle a va-
riety of multi component propulsors in a consistent manner. Such
a code is now under development, and in its present form is abie
to handle single propellers, counterrotating propellers, propellers
with pre or post swirl stators and propellers with vane wheels.
Included in the code is an optimization procedure which enables
one to determine both the division of loading between propulsor
components and the radial distribution of loading on each com-
ponent.

The present theory uses a vortex lattice representation of the
bound and trailing vortex distributions representing each lifting
line, and as a result there is no fundamental limit to the com-
plexity of the multi component propulsor which can be analysed
and/or optimized.

VORTEX LATTICE LIFTING LINE THEORY
The fundamental assumptions of the lifting line model which
we have adopted are,

a. The blades of each component are represented by straight,
radial lifting lines.

b. The biades of each component are considered to have equal
angular spacing and identical loading.

¢. The wake geomnetry is assumed to be purely helical, with a
pitch at each radius determined either by the undisturbed
inflow {linear theory) or by the induced flow at the lifting
line(moderately loaded theory).
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The continuous distribution of vortices along the lifting line
is discretized by a lattice of concentrated straight-line elements of
constant strength. The element arrangement used in the present
work employs constant spacing in order to facilitate the alignment
of the discretized vortex sheets shed from different components.if
propulsor components bave different diameters,the difference must
be an integer multiple of the radial discretization.As shown by
Kerwin and Lee (1978)this is not quite as accurate as “cosine”
spacing,but the difference is extremely small.

As shown by James (1972), the panels at the endpoints must
be inset one-quarter interval in order to properly represent the
square root singularity in trailing vortev ~trength. The radii of
the panel boundaries are therefore

R-ry)(4p-3
r,,=g—‘n”;l%—)+m, p=12- Mj+1 (1)

and the induced velocity is calculated at control points located
at the mid-radius of each panel. This arrangement s identical
to that employed in the lifting surface design and analysis codes
developed by Greely and Kerwin (1982).

Considering the interaction between two components,not only
must the self-induced velocity of each component be calculated
,but also the velocity induced by each component on the other
must be taken into consideration. The velocity diagrams for two
components are shown in Figure 1. The axial induced velocity at
the m'th panel of the j’th component can be expressed as :

M, +1 M4}
Yym + Oy, = 2 T ¥%imgr + Z T8 m iy (@)
=1 =1

where

Tip = Tj(p-1) = Tjy.is the strength of the p'th trailing vor-
tex,and Tj, Is the concentrated strength of the p'th panel of
the component j.

¥5m is the self-induced velocity at the m'th panel of compo-
nent j

8, is the circumferential mean velocity at m'th panel of
component .

¥} m jp 18 local axial self-induced velocity at the m'th panel of
component j,induced by K; p'th trailing vortices with unit
strength of the same component.

%} m 1y 8 the circumferential mean velocity at the m'th panel
o‘ component j induced by K; p'th trailing vorticea with unit
strength of component {.
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K is the number of blades of component j.

M, is the number of panels of component j.

component 2

component 1

|

Figure 1 Velocity diagram for a contra-rotating propeller.

The tangential induced velocity,vjm, can be expressed in a similar
manner.

The self-induced velocities w},, ;. and o7, ;, can be com-
puted using the very efficient asymp 'ionc formu u developed by
Wrench (1957}, while the circumferential meaq velocity €}, ;, can
be computed from the formulas developed by Hough md,OrdW\y
(1964). Finallythe circumferential mean velocity o7, ,,, may be
obtained directly from Kelvin's theorem.The calcu ulon of cir-
cumferentioal mean velocity is explained in the appendix.

An additional complication arises in the case of a stator,
where the pitch angle may be close to ninety degrees. It has
been determined that the formulas developed for a hefical vortex
will still yield accurate result up to tan 8; = 100.For higher values,
the vortices can be regarded as having infinite pitch, and the self
induced velocities will be given directly by:

(3)

— 2tmlyy
where

6,,:(&—1)72(—:_

In the case of infinite pitch, the circumferential mean axial
velocity induced by the stators will be zero,while the tangential
component will be determined, as before,from Kelvin’s theorem.

Figures 2-7 are examples of the radial distribution of induced
velocity obtained for single and contra-rotating propellers with
prescribed elliptical loading. It can be seen that the results ob-
tained with 10 and 20 panels are almost identical for both the
single propeller and the contra-rotating set with equal diameters.
In the example shown in figures 6 and 7 the aft component of the
contra-rotating set has a diameter which is 21 percent greater than
that of the forward component. In this case 15 and 30 panels were
used on the forward component, with additional constant spaced
elements added to the aft component. Note that the tangential
velocity induced at the downstream component shown in figure 7
is zero outside the radius of the forward propeller, and that the
total tangential induced velocity is nearly zero at the inner radii.
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Figure 2 Axial induced velocity of a single propeller.
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Figure 3 Tangential induced velocity of a single propeller.
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Figure 4 Total axial induced velocity on each component of
contra-rotating propeliers with equal diameters.
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Figure 6 Axial induced velocity of the downstresm propeller of
a contra-rotating pair which has a larger propeller downstream.
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Figure 7 Tangential induced velocity of the downstream pro-

peller of a contra-rotating pair which has a larger propeller
downstream.
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ON THE TIP LOADED OPTIMUM PROPELLER

The classical solution for the optimum radial circulation dis-
tribution follows from the original work of Betz (1919), who
treated the case of uniform inflow, and Lerbs (1952), who con-
sidered the influence of the radial variation of the circumferential
mean wake. More formal treatments of the problem were given
subsequently by Wehausen (1964) and Yim (1976}, who confirmed
the carlier results. The solution can be stated very simply by the
kinematic relationship,

tan ﬁi?r! - H (5)
h.nﬁr :;hlriws
where the constent H sets the desired fevel of thrust or torque.

This result is correct in the limit of vanishing loading, where
the propeller induced velocities are small compared to the relstive
onset flow and where the path of the trailing vortex sheets can be
assumed to follow the streamiines of the undisiurbed flow. It is
generally applied, however, within the framework of the theory
of the “moderately loaded propeller”, in which the pitch of the
trailing vortex wake is adjusted to match the induced inflow at
the lifting line.

Clearly one can satisfy (5) in this case, but will the result
be the optimum? Loukakis (1971) found efficiencies higher than
that given by (5) by applying a systematic search procedure to
the determination of the eleven term sine series approximation to
the circulation. The resulting circulation distributions found by
Loulilkil were characterised by a high concentration of loading at
the tip.

Being somewhat purzled by Loukakis’ findings, one of the
present authors recomputed the efficiencize of the tip loaded cir-
culation distributions with the same lifting line code modified to
keep the trailing vortex wake at the pitch of the undisturbed flow,
and found that the results were always lower than for the circu-
lation distribution obtained by applying (6). The anomoly was
therefore a direct consequence of the radial variation in trailing
vortex pitch indroduced by moderately loaded theory. This, of
course, did not answer the question of whether Louknkis’ findings
were physically correct or not, and it is perhaps sufficient to say
that this issue is still controversial.

This question has come up again for two reasons. First of
all, we were concerned with the question of how to optimize multi
component propulsors, where it would seem desirable to use mod-
erately loaded lifting line theory. But in addition, Brockett and
Korpus (1986) have recently presented lifting line results which
sgain show that increased loading at the tip increases efficiency.
They show results for a five term sine series representation of the
distribution of circulation which produces an efficiency which is
higher than that obtained by applying (5).

It seemed that one possible explanation for both Loukakis’
and Brockett and Korpus' results was sssociated with the Lerbs
lifting line procedure which both employed ( although in some-
what different forms ). The efficiency resulting from the five term
circulation series found by Brockett and Korpus was therefore
computed using the present vortex lattice method with increasing
numbers of panels. Calculations were also made using Lerb’s in-
duction factor method for the same set of circulation coefficients
and for the Lerbs optimum distribution obtained from (5). To
make the comparison as pure as possible, no viscous drag was in-
cluded in this exercise. For both runs with the Lerbs induction
factor program, the thrust coefficient was set equal to the value
obtained with the present vortex lattice program using 160 panels.
The results shown in the table below confirm the results obtained
by Brockett and Korpus and lay to rest any doubts about the role
of numerics in this issue. The efficiency obtained from the vortex
lattice procedure has converged to five significant digits ( & chal-
lenge for the experimenter! ) and differs from the Lerbs result by
four tenths of a percent.
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“Table 1 Convergence Test
Number of Panels n Cr
10 0.80636 0.
20 0.80681 0.68636
40 0.80687 0.68679
80 0.80704 0.68690
160 0.80706 0.68683
Ind. Fact: B - K Ops. 0.81011 0.68693
Ind. Fact: Lerbs Opt. 0.79368 0.68693

Another question is whether the variational approach some-
how produces a local optimum. To check this, An optimum cir-
culation distribution for Brockett and Korpus' exampie was first
computed using the vortex lattice optimization preocedure which
will be described subsequently. For present purposes, it is suf-
ficient $o say that it is essentially equivalent to resuit obtained
using (5). The resulting eficiency is 0.794, which agrees to three
significant digits with the optimum obtained with the Lerbs in-
duction factor code. A set of calculations were then made with
circulation disimibutions consisting of linear combinations of the
two differently obtained optima. The result is shown in Figure 8,
which shows that no local optimum exists, and that the Brockett
and Korpus distribution yields the high~+t efficiency obtainable
with such a linear combination. The same excercise was repeated
with the pitch of the trailing vortex wake forced to remain at
the undisturb ed flow angle, and these results are shown in Figure
9. Now the conclusion is opposite, with the circulation distri-
bution derived from the present vortex lattice procedure being
optimum. This confirms the earlier finding that the cireulation
from (5) obtained from Lerbs procedure produced higher efficien-
cies than those obtained by Loukakis when the trailing vortex
wake was fixed.

The results given by Brockett and Korpus are therefore con-
firmed as the true five term optimum circulation distribution in
accordance with moderately loaded lifting line theory. But what is
the optimum if the circulation is allowed to be an arbitrary func-
tion of radius? This can be approached either by progressively
increasing the number of terms in the sine series, or in the case
of the vortex lattice method, by increasing the number of panels.
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Figure 8 Efficiency as a function of circulation distribution de-
rived from a linear combination of the present results and those
of Brockett and Korpus. (0.0 = Brockett and Korpus, 1.0 = all
present theory.) The wake is aligned using moderately loaded
theory.
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Figure § Efficiency as a function of the circulation distribution
as in figure 8, except that the wake is constrained to follow the
undisturb ed flow.

To implement the iatter, a crude systematic search technique was
incorporated in the vortex lattice program whereby the circula-
tion of one panel was incremented by a small amount aad the
entire circulation scaled to yield constant thrust. If the efficiency
increased the circulation increment was kept, otherwise it was dis-
carded. The procedure was repeated systematically moving back
and forth along the radius all night on an [BM PC. The authors
should emphasise that this unsophisticated optimiger { which only
involved a dozen extra lines of code ) was only intended to be run
once!

The results were spectacular. By morning, the ideal eficlency
was up to about 87 percent, and the induced velocity at the tip
was almost three times the speed of advance ! In sddition to
demonstrating that there there is no limit to the absurdity of the
optimum circulation distribution for a moderstely loaded lifting
line, the excercise showed clearly how the mode! defeats itaelf. A
sharp increase in loading at the tip increases the pltch of the tip
vortex { in this case the wake pitch angle increased from 35 degrees
to 69 degrees in the last two percent of the radius ) which then
decreases the induced velocity everywhere inside the tip. The
tip panel has high induced drag, but all the panels inside have
essentially gero drag, or possibly even propulsion.

There is clearly something wrong with this physically, and
the answer can be found at least qualitatively in the way a “real”
vortex sheet deforms behind a wing or propeller blade tip. Perhaps
it is easiest to consider the simple case of an elliptically loaded
wing, where lifting line theory predicts constant downwash over
the span. The equivalent of moderately loaded propeller theory
would place the trailing vortex sheet on 3 plane inclined at a
constant angle equal to the induced angle at the lifting line. Both
observations and computations by a variety of “vortex chasing”
methods show, on the cortary, that the middle of the vortex sheet
moves down at a rate faster than that given by the flow angle s
the liRting line, and that the tip regions move up relative to yhm
same reference plane. The upward movement of the ¢ip vortices
is result of the roliing up and diffusion of the viscous region in
the interior of the vortex sheeta. Moreover, as the wing loading is
increased, the rolling up process , and hence the upward movement
of the tip vortices, takea place more rapidly.
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Laser-Doppler Anemometer measurements in the MIT water
tunnel by Min (1978) and subsequent experimenters have shown
the same behavior for marine propeliers, as have numerous inves-
tigators in the area of helicopter wake trajectories, for example
Murman and Stremel (1983) and Morino and Bharaduaj (1985).

A relatively simple propeller wake alignment scheme was de-
vised by Greeley and Kerwin (1982) and found to agree well with
existing water tunnel observations. This procedure was therefore
used to determine the initial wake geometry for Brockett and Kor
pus example, both for the classical optimum and for their five term
tip loaded optimum circulation distribution. This was done by
running the PBD-10 lifting surfuce design program, which incor-
porates this wake model, for both circulation distributions. The
axial induced velocity at the tip obtained from the wake align-
ment procedure was 0.188Vs compared with a value of 0.562V
obtained from moderately loaded lifting line theory. Clearly the
high axial induced velocities at the tip predicted from moderately
loaded lifting line theory do not materialize with this wake model.
Furthermore, the efficiency of the tip loaded propeller according
to the liting surface calculation was slightly iess than for the clas-
sical optimum load distribution.

This Is not condidered to be conclusive evidence that the clas-
sical optimum cannot be improved upon since the wake alignment
scheme i not necessarily accurate for such an extreme load dis-
tribution. In fact, we were pleasantly surprised that it converged
at all! Nevertheless, the trend is as expected.

To conclude this section, it is our opinion that the trailing
vortex wake geometry associated with moderately loaded [ifting
line theory can only be regarded as correct in a gross sense, and
cannot be relied upon as regards to the change in radial distrd-
bution of pitch of the trailing vortex sheete boougus about by a
change in radial load distribution. The tip loaded optimum solu-
tion succeds only as a result of & predicted local increase in pitch
of the trailing vortex sheet at the tip, which probably eannot be
acheived in a real fluid. Therefore, until such time as an accu-
rate complete viscous solution of the vortex wake region becomes
practical, the optimization problem should best be solved within
the framework of linear theory.

It should also be emphasised that the question of whether or
not high tip loading can increase eficiency should not be confused
with the evaluation of the merits of adding physical boundaries
such as ducts, bands or tip fins. In this case linear theory will
show that increased loading at the tip will be optimum.

VARIATIONAL OPTIMIZATION
This is the classical problem of Anding the optimum radial
distribution of circulation given a propeller's operating conditiona.
Our goal is to find the circulation distribution which provides a
prescribed thrust, T, for & minimum torque, Q. We begin with an
Inviscid vortex lattice model with a frosen wake geometry. The
thrust and torque are given by:

M
T =K Z (Vim + Wi + 0 )T mAre

m=1

Q=K i (VA- + '.)rﬂ'. Arm (‘)
m=1
where
g r
Y = ";.-
M
Uy = 2; Tavie m
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where Ary, is the radial distance between the two lattice points
surrounding control point m, and g, ,, v, , wre the velocities
induced on control point m by a unit of circulation on the complete
horseshoe vortex surrounding control point n.

Using a varational approach, we form the quantity # = Q +
AT which Is to be minimized. The Lagrange multiplier, A, is to
be solved for along with the I'y's. Expanding H with (6) and (7)
and then setting its partial derivatives with respect to the ['y's
oqual to sero, gives us M equations for the M discrete values of
circulstion and the Lagrange muitiplier. An additional equation
is provided by specifying the required thrust in (6).

% =0m pK{(VyiriOr 4+ i(r-'?.-'-“- +lusg inir)
+M(Vr( +wr)Ar
+1 2(!‘.-:,.&. +Tasl An)}
(i=1,. M)
T =K i(vr. +Wra + % )lndra ®)

The constants, A and the ww's, in the thrust equation are
determined by (8) and (7) during a previous iteration of these
optimization equations. This iterative approach allows us to un-
!mse the wake and include a simpie model for viscosity. At each
iteration the wake geometry can be aligned by updating the pitch
angle, f;, at each control point, and then recalculating the in-
fluence functions, uf, , and v3,,. The effect of viscous drag on
the total thrust can be included by adding & drag computed dur-
ing the previous iteration to the thrust required in the current
iteration. The eflects of viscous drag on the optimum circulation
distribution is currently ignored.

A eimiliar system of equations can be derived for contra-
rotating propellers. The goal in this case is to find the optimum
radial distribution of circulation on each of two rotating compo-
nents located at different axial locations along the propeller drive
shalt. We want the circulation distribution which provides s pre-
scribed total thrust and s prescribed torque ratio, ¢, between the
two components for the minimum total power.

The quantity to be minimised Is: & = w,Q, +wsQ2+1 (T, +
Ta) + 22(Qs - ¢Q1); with the constraints: Qs ~ ¢y = 0 and
T: + T3 = T. There are now two Lagrange maltipliers, ), and A,
to be solved for, as well as Af; values of circulatation, [, 08 the
first component and Afy values of circulation, [, on the sscond
component. Once again we expand H with the oquations for the
induced velocities and set its partial derivatives with respect to the
unknown circulations equal to gero. This process gives us a system
of equations which we can solve for ), Ay and the circulations at
the control points.

Satting the torque ratlo, ¢, squal to sero results in s propeller-
vane wheel combination. No change to the form of the optimiza-
tion equations is required.

The case of & propeller operating with a set of stator blades
can be thought of as a special case of the contra-rotating optimisa-
tion without the constraint Qy — ¢Q; = 0. The quantity to be
;:ln.’i'n;'hdrh.: B = i, Q) +wsQs + )T} + T;) with the constraint

1 e=1.

ILLUSTRATIVE EXAMPLES
Presented here are some sample results from the present Ii\-
ing line theory. These results are not intended as a comprehensive
comparison of the propulsors examined. Rather, they demon-

" strate the type of results which can be obtained through the vari-

ational opimigation of the vortex lattice model, which we have
described.
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The operating condition is that described by Brockett and
Korpus (1986). A free-running (Va(r) = Vs), 5 bladed propeller
with an expanded area ratio of 0.725 is required to develop a
thrust coefficient of 0.69 at an advance coeflicient of 0.89. The
chord distribution for the propeller is given in Table 2, and the
focal drag coefficient is considered to be a constant, 0.0085.

The results from five propuisors are shown here. Case 1 is
the propeller described above with a Lerbs optimum circuiation
distribution. Case 2 is the same propeller with a circulation distri-
bution from our variational optimization. These circuiation dis-
tributions are shown in Figure 10. Notice the similiarity between
the two distributions. In light loading the variational optimum
approaches the Lerbs optimum.

The preswir! propuisor consists of x staticoary lade row
ahead of a rotating propeller. In case 3 a propeller with the same
advance coefficient, number of biades and chord distribution as
the first two cases ls placed 0.25 propeller diameters downstream
of a row of stator vanes. The stator has 9 blades and ite disme-
ter is 1.08 times the propeller diameter. The chord distribution
is scaled to this new diameter from Tabie 2, however the vane
biade area was adjusted to obtain & maximum local lift coefficient
of 0.8. The propeiler and stator vanes were together required to
produce the same thrust as in the first two cases. The circulation
distributions calculated for this preswirl propulsor are shown in
Figure 11.
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NONDIME! JSIONAL CIRCULATION* 10 G

TEn

Figure i0 Comparison of optimum circulation distribution
from present theory (variational optimum) and Lerbs optimum
criteria.

The vane wheel is a freely rotating set of biades installed on
the propeller shaft behind the propelier. In case ¢ & vane wheel
is placed 0.25 propelier diameters downstream of a propeller with
the same advance coefficient, number of blades and chord dis-
tribution as the previous three cases. The vane wheel has nine
blades and its diameter is 1.20 times the propeller diameter. The
chord distribution is again scaled to the new diameter from Table
2, however we again adjust the vane blade area so that & maxi-
mum local lift coefficient of 0.8 is obtained. The vane wheel was
required to operate at a rotational speed of 23 percent of that of
the propeller, this was found o be an optimum for these condi-
tions. The propelier and vane wheel were together required to
produce the thrust of the earlier cases, but an additional con-
straint of no total torque was imposed on the vane wheel. The
circulation distributions for this propeller-vane wheel combination
are shown in Figure 12. Notice that the vane wheel is being dtiven
over its inner radll and Is producing thrust over the outer.

58

Q
oo
o
x
&<
= o 4
<
=
5
5]
e 3
S —— A
-
< M‘x—
Z
Og
%) o | @ PROPE. LER
o * STATOR VANES
2
95
o <
29 , v — —
020 040 0.60 6.80 1.00 120
NONDIMENS!IONAL RADH!
Figure 11  Optimum circulation distributions for a propelier

operating behind s preswirl stator.

o
<t

O (&)

o ]

x M

2

&R S T

: © A \

-

o}

< (e]

€ 3 X

Co - %

g T

Z Mr"

e} o i

g s ® PROPELLER

o #* VANE WHEEL

2

g (o]

g%

z2° — — — — -
020 040 060 080 100 120

NONDIMENSIONAL RADH

Figure 12 Optimum circulation distributions for s propeller
vane wheel combination.

Case 5 is & pair of contra-rotating propellers. They each have
an advance coefficient of 0.89 but rotate in opposite directions.
They are five bladed and of the same diameter. The chord dis-
tribution is that of Table 2, however the chord lengths have been
halved so that the expanded area ratio is the same as the first
two cases. We required the two propellers to produce the same
total thrust as in our earfier cases. We further required them to
have equal and opposite torques. The circulation dietributions
are shown in Figure 13. Figures 14 and 15 show the velocities
induced by circulation distributions computed with varying num-
bers of lattice elements.

Teble 3 gives the firat five terms in the sine series represente-
tions of circulation for the propulsors we exumined. These coefhi-
cients are nondimensionalized with the first term from the Lerbs
optimum distribution. The value of this term with the standard
nondimensionalization is 0.02689. Table 3 also gives the efficiency
of each of the propulsors.
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Table 3 Circulation Coeflicients and EMliciencies
"ase [ [¢/ Gy Gy [ [
1 W—Tg’r-o. € | 00112 | -0.0048 | —0,0007 | 0.702 | . .
2 09918 | —0.1525 | 0.0078 | -0.0041 | —0.0007 | 0.703 Table 2 Chord istribution
3 0.724 T D 1 rJR | ¢/D
$ | -0.3816 0.0338 | 00668 | —9.0071 0.0086 02 0.0 0T ] 0.347
P 1.000¢ | -0.0309 | 0.0331 [ -0.0116 | -0.0062 026 ([ 0.202 68 | 0.3
4 0.707 0.3 0.229 0.9 0.280
P 1.0844 0.1859 | 0.0190 | -0.0238 | -0.0146 04 | 0275 | 085 | 0218
v | -0.107t | —0.4388 | 0.0855 0.0190 | -0.0030 06 | 0312 | 098 | 0.1¢4
5 0.742 0.6 | 0337 1.0 0.0
U 0.5068 | —0.0707 | 0.0379 | —0.0128 0.0041
D 04277 | -01149 | 00320 | -0.0104 0.0060
Glr/R) = —~
.ans
o
o~
g Vs
o = = 0.
g Js D 0.89
X ® UPSTREAM PROPELLER 8T
Z 0 C = =0. 9
g ; ) * DOWNSTREAM PROPELLER T W {}
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3 I gese: EAR = Ag/ o = 0725
e <
S e -~ Co=—T9__ _.0085
2 1/2pcV*7
8 Q V* = resultant inflow velocity to a blade section
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Figure 13 Optimum circulation distributions for a pair of
contra-rotating propeliers.
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Distributions are computed with 10 and 20 lattice elements.
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APPENDIX

THE COMPUTATION OF CIRCUMFERENTIAL
MEAN VELOCITIES

The time-average velocities induced by one propulsor compo-
nent on the other are equal to the circumferential mean velocities
calculated in the rotating reference frame of that component.

A horseshoe vortice with lattice points at radii riy—,) and
rip will, by Kelvin’s theorem, induce a tangentia) circumferential
mean velocity on a control point, at radius rjm of the other com-
ponent, of:

0, §>0,—0<Lry<®
S<02;<0 (9)

L4 -—
ymin = -K;r -

where

=(rjp-1) = Tim sz ~ Tim)

Since the circumferential mean velocities induced on the other
component by the bound vortices are only tangential, the problem
now is to solve for the axial circumferential mean velocity induced
by the trailing vortices. Hsin (1986) compared a variety of compu-
tation methods with respect to accuracy and computation time,
and concluded that Hough and Ordway's formulas should be used
for this application.

By using a Fourier analysis of the velocity field, Hough and
Ordway derived formulas for the induced velocities of an actuator
disk in terms of elliptical integrals. These can be thought of as the
velocities induced by a propefler with an infinite number of blades.
Since the circumferential mean velocities are the average of the
sum of local induced velocities along a circle {with infinite points),
we can just apply these formulas to calculate the circumferential
mean velocities. The formulas are shown as follows:

T+ TJ'J‘H"Q o+ Fho(a,t), rim <ny
{ V‘rQ +(@) = Bho(a.t), Fim > Ty (10)

where

=1+ zzt +(rim =1y
2rjmhp

2 =sin" lr_’_-ﬁ"'("ju‘"r)’] (1)
t= 47 jm T
and

Q_§ is the Lengendre function of the second kind and half
integer order.

Ag is the Heumann's Lambda function.
Co in the same as C; except the r,r inequalities are reversed.
Then we can get,

* Ki
Cimis = g tan(By) (12)

Omir = 7 —Cs



DISCUSSION
Dr. Terry Brockett,
University of Michigan,
Ann Arbor, MI, USA

The authors have presented a solu-
tion to a problem of current great
interest and importance - criteria for
selecting efficient circulation distri-
butions of compound propulsors - and
warrant congratulations from all of us
interested in propulsor design.

I have some minor questions about
the formulation that may help clarify
some of the results presented:

1) The use of the Trefftz-plane to
derive Yoad relationships seems unnec-
essary and somewhat misleading in the
sense that somehow far-downstream flow
details are related to local happenings
at the lifting line. Can the authors
provide some additional information on
the derivations?

2) There are references to panels and
lattice elements in the paper that are
not clearly distinguished., 1In general,
a lattice will correspond to a panel of
constant doublet strength but with the
lattice strengths as the unknowns, the
concept of a panel is difficult to
employ.

3) The results of the authors "over-
night” run witn the simple optimization
scheme is an efficiency value (0.97)
that is greater than the simple ideal
actuator disk model will predict for
this case, 0.87. Do the authors have
some insight into this difference?

4) The predicted efficiency values
quoted in Table 3 show that the vane-
wheel propeller is within experimental
accuracy of the conventional propeller
but that the values for the contra
rotating and preswirl propulsor are a
few points increased relative to the
vane wheel, 1 suspect that the large
number of retro-fit vane wheel propel-
lers being installed is justified on a
quoted 5 point (or 10%) increase in
measured efficiency for Cyp values
nearly twice that of the authors sample

(together with ease of installation).
Do the authors have data to make rela-
tive comparisons at these increased
loads?

5) The preswirl propulsor (Case 3 in
Table 3) is similar to an example pre-
sented by Brockett and Korpus (authors

— — w——r L 2 - giiaee adant olage B ied

second reference) for ellipric circula-
tion on the rotor. Additional informa-
tion on the loads {(e.g., vane drag and
torque) would be helpful to compare the
two data sets.

6) Can the authors provide some
information on run times of their code?

In work described by Brockett and
Korpus that appears elsewhere in these
proceedings, the importance of the tra-
jectories of the vortex-sheet filaments
for nreswirl propulsors was such that
efficiency values were as much as =10
points different as a function of
reasonable specifications. Do the
authors find similar trends when they
include various sheet orientations and
can they present data at several radii
for the predicted trajectory shapes
from their lifting-surface analysis?

AUTHOR'S REPLY

1. Alifting line is a figment of the
imagination used to generate a free
vortex wake which matches that produced
by a wing or propeller far downstream,
We are therefore able to calculate
total forces much more easily from
momentum and energy considerations.

The fact that the forces expressed in
the usual way in Equation (6) look as
though Kutta-Joukowski's law was being
applied on the 1ifting 1ines is a con-
venient but dangerous concept. One can
get into trouble very easily, for
example, if the local force concept is
applied to 1ifting lines which are
curved or swept. We are sure that
there is no disagreement about Equation
(6), it is a matter of its interpreta-
tion.

2. In our terminology, a panel is a
complete horseshoe vortex element, or
its equivalent, a constant density
dipole. A lattice element is a single
discrete vortex line forming one of the
boundaries of a panel.

3. Professor Brockett's observation
that the efficiency which we obtained
using moderately loaded propeller the-
ory is higher than that of an actuator
disk serves to emphasize that the fact
that moderately loaded propeller theory
is not physically consistant, Let us
emphasise again that the efficiency of
97 percent that we obtained is a clas-
sical example of the theorem of
"garbage in - garbaqge out".
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4., We have subsequently tried a vane
wheel for an application with a higher
thrust coefficient, and find that the
gain, as expected, is somewhat greater,
However we have also founa even greater
gains if the effect of the hub is
considered, which then permits finite
circulation at the hub. This feature
was not completed at the time the paper
was prepared.

5. The thrust coefficient, Cy, for
the vanes of the pre-swiri propulsor
presented here is -0.,022. The torque
on the vanes can be expressed in terms
of a torque coefficient

Cq = _._2_()..__
oV S‘ A,D

which has a value -0.0685 in this
cxamnle, The expanded area of the
vanes is 7.385.

h. The computation of circulation
distributions, velocities and forces
for each of the cases presented took
from a few seconds tn a maximum of 30
seconds on a DEC Vaxstation 11. The
code which is described in part in
this naper is intended to be an inter-
active design tool.
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OCEAN ENGINEERING

COMMITTEE REPORT

Frank DeBord, Jr.

Vice

President

Oftshore Technology Corporation
578 Enterprise Strect
Escondido, Calitornia 92025

Since this Twenty-First ATTC 1is the
fitst ATTC to have an Ocean Engineering Com-
mittee, a veport on advances in tankery
related to Ocean Engineering is not really
appropriate. Instead, commnittee members were
asked to evaluate the current state-of-the-
art in Ocean Engineering model testing, tden-
tify needs for improved facilities and tech-
niques, and describe curreat research and
development =2fforts and rcecent advances,
Committer memhers included:

Frank DeBord, Jr., Oftfshore  Technalosy
Corporation (Chairnan)

Young S. Hong, David W. Tavlor Naval Ship
Resvearch and Development Center

Glenn McKee, Davidson Laboratory

Dr. Jacek Pawlowski, National Research
Council, Institute for Marine Dvnamics

Joseph Wetzel, St Anthony Falls Hydraulic
Laboratory

In the coatext of model testing, Ocean
Engineering is a field which covers a verv
large variety of projects, and in certain
cases overlaps exist with other standing ATTC
committees. Typical uses of model basins
which are considered to be within the realm
of Ocean Engineering are:

Vessel motions in a seaway (seakeeping)

Wave and current loads on fixed and moored
structures

Offshore construction operations

Marine transpartation of offshore facili-
ties (resistance and seakeaping)

Mooring systems
Dynamic positioning systems 'wnaneuvering)
Submersibles

Risers, subsca pipelines and subsea cables

65

Wave power generation systems
Near-shore structures

Althwough tanks have been conducting
experiments in most of these areas for quite
a long tine, oanlv receatly {since the late
1960'sY  have facilities beea built and
2quipped specifically for 9cean Engineering
testing. fbviouslv, techniques were daevel-
aped hased an thosa which existed for the
mast classical tvpes of model testing, how-
»ver facilities, test equipnent, test tech-
nigues  and  data  analveis techniqu:s have
evolved based on spacific requirements of the
ahove  tvpas  of  tests, ntil recently,
neither the ITTC nor ATTC have had "Ocean
Fngineering' committees, and therefore verv
little work has been done in the area of
standard techniques. Due to the commercial
nature of most of this work, the nnlv stan-
Jard~ which have developed have been those
required bv clieats after experience with
several alternate techniques.

Tt is bevond the scope of this committee
report to evea begin to describe the current
state-of-the-art or attempt to identifv areas
where standards are needed. What we have
attempted to do is to norovide a description
of current activities bv member organizations
with the intention that rthis will identify
areas considered to be important in the
future, and areae which require research into
new facilitics and techniques.

A review of the reports by individual
committea members indicates that most facili-
ties are involved with developments in three
primarv areas. These include improvement of
wave generation equipment, improvement of
data acquisition svsroms and analysis soft-
ware, and development of analvtic models to
aid test planning and understanding of
results. Work in the area of wave generation
equinment includes both improvements to hard-
ware and improvements to wave generation
techniques. All facilities are becoming more
sophisticated in generation of random seas,
and in some cases, generation of short-
crested seas 1§ an active research area. DNue
to the increasing complexity of experiments,
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ABSTRACT

A vertical oscillating water column
with orifice plates over the air chamber
above the column is studied both theoreti-
cally and experimentally. The orifice pla-
tes simulate a wave energy turbine in energy
conversion. Results show that the assump-
tion of linear compressibility overestima-
tes the spring effect of the air column,
while the assumption of incompressibility
underestimates the spring effect. In addi-~
tion, the unsteady orifice damping is found
to te L[ur greater than the steady damping.
Finally, impedence matching is approxima-
tely achieved.

1. INTRODUCTION

0f the many wave energy conversion
techniques that have been both proposed and
tried over the past sixty, or so, years,
the pneumatic technique has been shown to
be the most reliable and cost effective. A
pneumatic wave energy converter is one
which utilizes wave excited air motions to
drive a turbine. For the purpose of analy-~
sis, the pneumatic systems can be repre-
sented by an oscillating water—air column
with an orifice to simulate the effects of
the air turbine, as sketched in Figure 1.
This system is somewhat simplistic when
compared tn an actual pneumati:c wave cnergy
converter , such as that sketched in Figure
2. Despite the simplicity of the orifice
system, it is believed that a study of the
orifice in both theory and experiment
yvields most useful results.

Published accounts of the use of the
pneumatic wave energy converter date back
to 1920 when Palme reported that a pneuma-
tic system had been successfully used in
France. Most of the interest in the
pneumatic system has occurred within the
past decade due, primarily, to the efforts
of Yoshio Masuda of Japan. See, for
example, Masuda (1971 and 1979).

One aspect of the pneumatic technique
that has received little attention is the
effect of air compressibility on the water
column motions. Early analyses, such as

those of McCormick (1974 and 1976),
neglected the compressibility of the air.
More recently, Rolfes (1981) and Robinson
(1980) have also studied the pneumatic
system assuming incompressible air flow. A
few investigators, such as Hiramoto (1978),

Penney et al (1981) and Ojima et al
(1984) have theoretically shown that
compressibility effects might be cignifi-
cant, depending on the dimensions and power
capacity of the pneumatic system. Orifice
plates have been used in studies of tront-
facing pneumatic systems by Ojima et al
(1984) and Malmo (1984).

In the present study, an oscillating
water—air column with an orifice is theore-
tically and experimentally studied., The
theory used is linear and includes both the
linear compressibility term and the quasi-~
linear orifice damping term. The experi-
mcntal data are obtained from tests in ihe
385-foot (ll7~meter) wave and towing tank
of the U.S. Naval Academy. The purpose of
this study is to determine the effects of
both air compressibility and system dampiag
on wave—induced oscillating water-air
column motions.

2. WATER COLUMN MOTION ANALYSILS

An oscillating water column, such as
that sketched in Figure 1, is the basic
component of a Prenmatic Wave Energy
Converter (PWEC), such as that sketched in
Figure 2. 1In Figure 1 the orifice above
the water column is used to simulate the
presence of the turbine of Figure 2. In
order to attain an understanding of the
overall performance of the more complicated
PWEC, one must first understand the nature
of the motions of the simple orifice
system. The motions of the water column in
the latter system are subject to the
unsteady pressures in the air chamber,
influenced by the orifice losses and the
losses due to both viscosity and radiation.
The orifice losses are nonlinear in nature,
while the other losses are well approxi-
mated by linear terms. In the analysis
which followe the nonlinear terms are also
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approximated by equivalent linear
expressions.

The equation of motion of the water
column sketched in Figure 1 is the
following:

o+ a]%rb, 2+ Ry +R)Z|F +

(¢ + Ka) z = F (u,t) (1)
where

m is the calmwater mass of the
water column in kg,

a(w) is the added-mass in kg,

b () is the radiation resistance
coefficient in N-s/m

R, is the nonlinear damping coef-
ficient due orifice losses in
N-s ~/m?,

Ry is the nonlinear damping coef-

ficient due to both entrance
and exhaust at the bottom of
the water column in N-sz/mz,

< is the hydrostatic restoring
cocfoin N/m, 1.e.

c = Sg'Dlz//A 2y

Ky 1s the equivalent spring
constant due to air compressi-
bility in N/m, and,

Flo, ) is the wave force in N,

The wave force is represented by

., cosh "k(h=d)
Fleye) = ¢ E(k,D) # | e (g, L
cosh (kh)

= Fy( ) cos (wt) (3)

where, from McCormick (1982),

4

f(le) = -1 (le/Z) (4)
kD,

Ji (kD{/2) being a Bessel function of the
first kind and first order. In equation
(3) d is the draft of the water column, h
is the water depth, k is the wave number
(27/%) and n (w»,t) is the external free-
surface displacement,

Ho
n{u,t) = — cos (&,t) (5)
2

We assume that ) §> Dy which is the prac-
tical case of operation in a swell.
The wave number expression is

(1)2

k= 2n/> = (6)
g tank (kh)

which is tramscental. Furthermore,
McCormick (1983) derives an expression for
the added-mass, that expression being
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which agrees well with experimental
results.

The air in the chamber above the water
column provides a restoring force due to
compressibility. The associated "spring
constant' 1is based on the isentropic
compression of the air while haviang the
chamber pressure being zero (gauge) when
the internal free~surface displacement is
zero. From Peanney et al (1981), the
equivalent spring constant is

Patm YAl
Ky = ——————— = pam ¥A]/L (8)
z
L -—rt
L

assuming z{{ L, where L is the “eight of
the orifice above the still-water- level.
¥ is the ratio of specific heats (assumed
to be 1.4) in equation (8).

The damping coefficients in equation
(1).are b, R, and R;. The radiation
resistance coefficien:, from McCormick
(1982), is expressed

e DY . 2 JkDp fe
by = 1- - tank (kn) -
4k kD] K

-2kd (g

lhe coefficient Ry primarily results from
the entrance and exhaust of water from the
bottom of the water column. If the motions
of the water are, for the moment, assumed
to be sinusoidal, then the damping coef-
ficient based on the average velocity is

Ry = o Cy A}/2 (10)

where o is the mass-density of water and Cy
is a coefficient which depends on the
nature of the flow. That is,

0.8 (entrance flow)
Cy = (1)

1.0 (exhaust flow)

The conditions correspond to the following
velocity conditions of the water column:

z =

> 0 (entrance flow)
{ (12)

{ 0 (exhaust flow)

The orifice damping coefficient R, depends
on the diameter ratio Dy/Dj. When this
ratio is unity then R, has the form of
equation (10). That is,

Ro = 05 Cp A2/2 , (Dg = 1) (13
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defined in equation (l1).
The velocity conditions for equation (13),
however, are reversed. Thus,

where C, = C,,

z =

» 0 {entrance air flow)
= (14)
{ 0 (exhaust air flow)

For the condition of Dp/D) {1 the values of

are different than those of equation
(Il1). For the experimental part of the
present study the following loss coef-
ficient values apply:

TABLE L
DZ/DI CO
0 to i 0.787 (a1/a9)2
0.5 12.5
0.1 7.80 x 103

from Addision (1964).

The nonlinear damping coefficients (Ry,
and R,) can be replaced by equivalent
linear damping coefficients (b, and b,).

By equating the energy lost due to nonli-
near damping and that due to linear damping
over one cycle, equivalent linear damping
coefficients are found to be

(15)

v,o v,0 * o

where Z, is the amplitude of the water
column motions. Hence, equation (1) can be
approximated by

(m o+ ar ¥+ hs o+ (by + by) z + {c + Ky)

= Flu,t) = Fuldcos(ut) (16)
The solution of equation (16) is
z = 72y cos (wt - )

!Fo(m)/(c + Ka)w cos (wt - ©)
(17)

where the subscript ] denotes the type of
damping.

In equation (17), the natural frequency is

wy (18)
and

S |
ber = 2 flc + Kg)(m + a) (19)
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is the critical damping. Also in equation

(17)

2w (7 b3/ (bop wy)

4

¢ = tan~!

]
1 - (—)° (20)
“n

is the phase angle between the water column
displacement and the wave force, and

T by = bp(w) + by(w, Z5) * by (w, 25)  (21)
where the damping coefficient by is
obtained from equation (9), while the
damping coefficients b, and b, are in
equation (15).

Combining equations (9) and (15) with
equation (17), one obtains the following
biquadratic equation for the amplitude of
the water column motions:

by w? bcr2 wn
Z4 v 2 (=) 23 s (- —)? (—)2
B w2 4 BL
b 2
+ — ZOZ
B2 (22)
l:O cr n
- ( )2 ___)q = 0
c + K, 482
where
8 -~
B=-—x Ry + R (233
3

Equation (22) is solved numerically in the
present study.

3. EXPERIMENT

The experimental part of this study was
conducted in the 385-foot (ll7-meter) wave
and towing tank at the U.S. Naval Academy.
This tank is 26 feet (7.92 meters) in width
and 16 feet (4%.88 meters) in depth.

Referring to Figure 1 for notation, the
circular cylinder has a height and diameter
of

2 = 1.83 meters
and
Dy = 0.254 meter

respectively. The orifice diameters used
in the study are

Dy = 0.2540 meter
0.1270 meter and
0.02546 meter
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while the draft values of the water column are

d = 0.203 meter
0.406 meter and
0.610 meter

Waves exciting the water column motions
vary in frequency from 0.40 Hz to 0.80 Hz
in 0.05 Hz increments. The wave height,
H,, is approximately 0.102 meter for all
frequencies. The wave properties were
determined using a sonic wave probe posi-
tioned two chamber diameters away from the
center of the capture chamber on a line
parallel to the wave front. The internal
water column motions were also studied
using a sonic wave probe.

Air motions at the center of the ori-
fice were monitored using a hot-wire anemo-
meter. Since the air velocity was measured
only at the orifice center, only the time
behavior of the maximum air velocity could
be studied. The spacial profile of the air
velocity was not determined.

The height (2Z,) of the internal water
column motions is presented in Figures 3
and 4 as a function of the vircular wave
frequency (). In Figure 3 the effects of
orifice draft are shown for the three
diameter values. That is, the double-
amplitudde frequeacy response of the water
column for the Do-values studied is shown
in Figures 3a, 3b and 3¢ for Dpy-values of
0.2540 meter, 0.1270 meter and 0.0254
meter, tespectively. In Figure 3 we see
that the peak values occur for the draft of
0.610 meter for the three orifice diame~
ters, while no apparent peak values occur
for d = 0.203 meter in the frequency range
studied. The undamped natural frequency
according to the expression of equation
(18) for the 0.2540-meter orifice diameter
is

c
0 =
m+ a
g (24)
4D
d + —
3

Note: 1In equation (24) the compressibility
spring constant, K,, is omitted since Dj =
Dj. The natural frequencies predicted by
eq. (24) are 5.62 rad/s, 4.37 rad/s and
3.70 rad/s for d = 0,203 m, 0,406 m and
0.610 m, respectively. For the
0.0254-meter orifice diameter the peak
values for the three drafts all appear to
occur between 3.0 and 3.5 rad/sec.

In Figure 4, the double-amplitude fre-
quency response for the 0.610-meter draft
is shown for the three orifice diameters
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studied, The reader can see that the peak
value occurs for the 0.127 meter diameter.
This is an indication of impedence-
matching, which is discussed later.

The air velocity measured by a hot wire
amemometer is shown in Figure 5 as a func-
tion of time, where

Dy = 0.0254 m
d = 0,610 m
f = 0.40 Hz

in Figure 5a and for f = 0.60 Hz in Figure
5b. One can see that this velocity does
not vary sinusoidally in time. The exhaust
velocity at the center of the orifice is
significantly higher than the intake velo-
city. The phase angle between the peak
exhaust velocity and the maximum upward
water column velocity is approximately
zero. That is, the motions of the water
column and the air above it are in phase.
Comparing the external wave trace with that
of the water column, however, shows that
motions of the external and internal free-
surfaces are nearly in phase for £ = 0,40
Hz. For f = 0.60 Hz, however, the external
wave leads the water column by approxima-
tely 90° in Figure Sb. 1In both Figure Sa
and 5b, one can see the inception of tur-
bulence near and at the peak of the exhaust
velocity., Furthermore, the exhaust velo-
city trace is slightly unsymmetric;
whereas, the intake velocity trace is
approximately svmmetrical. The double
amplitude (2Z,) is shown in Figure 6 with
the maxima of the intake and exhaust air
velocities. Note that the peak values for
each occur at differeat wave frequencies.
This indicates that the efficiency of the
oscillating water column as an energy con-
version system is not maximum at the peak
value of 2Z,, but near the peaks of the
velocities, since most energy is removed by
the air system at the highest velocity.

5. COMPARISON of THEORY and EXPERIMENT

In this section the theoretical analy-
sis of Section 2 is applied to the experi-
mental counditions of 3. The purpose of the
application is twofold: First, to deter-
mine the utility of the linear theory in
predicting the performance of an
oscillating water column with nonlinear
energy extcaction and, second, to determine
the relative effects of air compressibility
in the chamber and quadratic damping of the
orifice.

The optimal condition studied, from
the results of Figure 3, is that of the
0.1270-meter orifice diameter and the
0.610-meter draft. Applying the equation
(22) to this condition yields the frequency
response in Figure 7. In Figure 7 curves
are presented for air spring constant
values of both zero (incompressibility air)
and Pgp ¥ A)/L (compressible air). The
incompressible curve does have the same
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behavior as the experimental data with two
exceptions: First, the theoretical results
are higher by a factor of approximately two
and, second, the peak theoretical value
occurs at a lower frequency than that of
the experimental data. The compressible
curve neither agrees in magnitude nor beha-
vior with the experiment. This
disagreement indicates that the theoretical
air spring is far to "stiff". The theore-
tical curves for all of the orifice and
draft conditions studied are anproximatcliy
coincident with the compressible curve of
Figure 7 when the spring constant of
equation (8) is used. Results obtained

from the application ot the incomprescible form of

equation (22) to the 0,1270~meter orifice
with the 0.406-meter and 0.203-meter drafts
are presented in Figures 8a and 8b, respec-
tivelv, As in Figure 7, the incompressible
curves both differ from the experimental
data by approximately a factor of two and
predict a lower peak-frequency value (in
Figure 8a).

6. DISCUSSION

The results presented in Figures 7 and
8 show that neither the assumptions of
incompressibility nor linear compressibi-
lity of the air above the oscillating water
column vield satisfactory comparisons with
the experimental data., When the
compressible theory is applied to the
capred condition of Figure 4, however, the
experinental and theoretical results do
agree. With this knowledge, we propose the
following moditied spring constant formula:

where K, 1s the sprinrg constant of equatien
(8), Ay and A, are the respective areas of
the water column and arifice and N is a
dimeasionless number, where

1 ~ N~ = (incompressible) (263

The form of equation (25) is similar to the
head~loss ‘quation for incompressible flow
in a pipe with an orifice. Combining
equations (22) and (25) and applying the
results to the 0.1270-meter orifice with
the 0.610-meter depth yields the solid cur-
ves in Figure 9. The orifice damping coef-
ficient value for each of the solid curves
is

Co = 10 27

Note: From the relative peak values in
Figure 3, the condition of impedence-
matching is approximated by the
0.1270-meter orifice.

The reader can see that the value of N
which would yield the best peak value
agreement between theory and experiment is
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a finite number much greater than 5,000,
This fact indicates that the "spring”
resulting from the air compressibility is
extremely ''soft', except for the capped
condition.

Also presented in Figure 9 are dashed
curves resulting from the use of different
orifice loss coefficient values (Co) used
with the incompressible theory. The sharp-
ness of the experimental curve shows
moderdate dampl.g. (CZpatiag the experimen—
tal data with the incompressible curvees
indicates that equation (27) is not a good
approximation,

Damping can be determined by measuring
the half-power bandwidth. 1If ws and wpg are
the lower and upper frequencies
corresponding to half the power extracted
by the orifice at the peak value frequency
Wy, where

a {p<lm
then the logarithmic decrement is

B
= 2- 4 1 - 42 (28)

(from Morse and Ingard, 1968, and
elsewhere) where tihe damping ratio is

Sfam2 + 2 (29)

“

- .
= baibaer
The critical damping for the air column is

bacr = 2 ¢ (m, + ay) (30)

where, assuming incompressible air flow,
the restoring coefficieat is given by

equation (2), the air mass in the chamber
is

Mg = {1 D12 L/4 (31)

.a being the mass-density of air, and the
added mass of air is

0.3 ia7 Dy3/a Eor Dy = Dl:]
= ay (32)
l
5a D23/3 [for DZ(DJ J

from Kinsler and Frey (1962) and elsewhere.
For the test conditions described herein

Py = 1.20 kg/m3 (33)

Hence, the critical damping value for the
0.0254~meter orifice with a 0.610~meter
draft is 12.2 N-s/m. Applying this damping
analysis to the average air velocities in
Figure 6, one obtains the following:

A2 = 0.0254 m’
d = 0.610 r
4y = 3.46 rad/s

wa 2.25 rad/s (extrapolated)
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o = 4.20 rad/s (interpolated)
S o=1.77

S 0= 0,271

3.30 N-s/m

=2
#

8

= — (0CuAr/2) oy Z, (34)
In

from the combination of equations (13) and
(15). Thus,

— 3“b0
T, = ——————
8 (wAa/2) Z,,
(35)

102 x 103

Comparing this value with the corresponding
value in Table | (Vp/b] - 0.1}, we can scc
that the damping based in the averaged peak
air velocity through the orifice is more
than one order of magnitude greater than
the steadv-flow value. This observation
agrees with that of Morse and Ingard (1968)
for oscillating pipe flows through an ori-
fice. Assuming that the same increase 1in
damping applies to the 0.1270-meter orifice
with a D.hl0-meter draft, the modified loss
coefficient value for this orifice is

= 1oz w drrse x 1037 ¢

0
= 163

where Cn = 12.5 in Table 1.

CONCL!S10NS

In the present studv a vertical
oscillating water column with a horizontal
bottom opening and an orifice above the air
column 1s theoretivally and experimentally
subjected to monochromatic linear waves.
The orifice diameter-to-water column
diameter ratios studied (Dp/Dy) are 1.0,
0.5, 0.1 and 0.0, Using a linearized
theory which includes the effects of both
compressibility and quadratic orifice
damping, poor agreement is obtained between
the theoretical and experimental data. The
inclusion of the linear compressibility
term in the theory results in data that are
an order of magnitude less that the experi-
mental data and are of different character,
i.e., no resonant condition is predicted.
When the air compressibility is neglected,
the theoretical data are approximately
twice the experimental data with the reso-
nance predicted at a lower frequency.

The measured damping of the oscillating
system is found to be approximately one
order of magnitude greater than that pre-
dicted for steady flow through an orifice.
The predicted resonant condition occurs at
lower frequencies as the damping is
increased, as expected.

From these results, the following
conclusions are made:

(a) The assumption of linear
compressibility far overesti-
mates the spring eifect of
the air above the water
column except for the capped
(D}/Dy = 0) condition.

(b) The assumption of
tncompressibility wunderesti-
mates the air column's spring
effect.

(¢} The sy .tem damping for
oscillatory flows 1s approxi-
mately one order of magnitude
greater that that of steady
orifice flows.

(d) The resonant condition can be
effectively contreolled by
adjusting the water column
draft,the resonant frequency
decreasing with increasing
dratt.
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ABSTRACT

A jack-up type platform for operation
over one hundred meters depth hzas hooen seudica
via a comprehensive set of tests at the IPT
{Technulogical Research Institute) towing tank
in Sao Paulo. Two legs positions {fully ele-
vated and 19 meter down) and three headings
with respect to the waves. The tests were the
resistance and decaying tests, the tests in
waves with the model kept stationary and being
towed (seaxeapiag).  Some of the analysis was
completed by g linear dirfraction-theory com-
puter prugram and by a full-scale instrumenta-
cion of a relative jack-up during transporta-
tion aloneg the Braziliun coasct.

NOTATLON

wave nunber

wave amplitude

wave circular frequency
o encounter wave frequency

teference length = 70

watet density

£ B R

acceleration of gravity

pit.h

tall

zc heave; C is a point below the center of
gravity at the depth position

o TN v g

1. | INTRODUCTLON

The jack-up is a very convenient type of
platform for oil exploration. Its main char-
acteristic is that it may work as a fixed
structure and may be easily transported to
different locations. It has been used since
the beginning of offshore exploration and
today it is common to find jack-ups which
operate in 80 meters depth. Due to the
increasing necessity of exploration of deeper
and deeper waters PETROBRAS (Brazilian 0il
Company), via its research center (CENPES)
decided to design a jack-up for operation up
to 100m deep waters.

In order to analyze and confirm the dyna-
mic characteristics of this platform, a set of
model tests was conducted at the IPT (Techno-
logical Research Institute) model basin in

Sao Paulo, Brazil. Besides that, the monitor-
ing of a relative jack-up has been made during
transportation along the Brazilian coast and
ftinali. - Tigear !ifliacticn-theos, cowputes
program has been processed.

2o THE MDEL

The {ack-up has a triangular shape and
triangular shaped legs. [ts pian view can be
secn in Figure L. Its principal dimensions are
L{length)=73.80m; B(breadth)=A8,00m; D(depth=
T.%2m; H(draft)=3.32m and displacement=
Lu,83nt,  Based on the maximum wave height
capabilicv of IPT wave m ker, the frequency

range of interest, the imity of the tank
walls, etc., it has heen .ded to build a
1:79 model.

This has led tuv about a 30kg model which
has been made very easy tu manipulate. The
tests to be performed have been with the legs
at most 3Mm down, hence there was no necessity
in modeling the full legs. Therefore, only
the wet parts of the jack-up were built with
geometrical similarity and this includes only
about one third of the legs. The inertial
similarity has heen teached by weights strate-
gically placed. The latter adjustment has
been made by the so-called bifilar method,
takiang advantage of a relatively light and
compact model (Fernandes 85).

The main interest has been in the roll,
pitch and heave motions. For instrumentation
it has been decided to use an on-the-model set
af twa rate-gyrus and 5 accelerometers. The
former are for roll and pitch, one acce-
lerometer for heave and the remaining for
other modes and redundancy for the roll and
pitch measurements.

The model has been used in the decaying
tests, tests in waves, the seakeeping test and
the resistance ones. As a general procedure
the quantities were registered on magnetic
tape and the data reduction was performed
using the analog-digital capabilities of a FDP
y1/23 minicomputer,

3. THE DECAYING
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These kind of tests are normally made as
auxiliary to the tests in waves since it helps
to identify the frequency range of interest.
It also yields an indication of the damping
properties. However, in this case it could be
used to confirm two interesting results that
refer to the discontinuities in the peak
period and in the damping factor as the legs
were lowered from the fully elievated posi-
tions.

Tests in the roll and pitch modes have
been made with five leg positions: fully ele-
vated and the corresponding to 5,10, 20 and 30
meters down. Fcr each leg position a pure
moment was applied causing an initial angle.
Suddenly the model was released and the time-
history of the rate-gyros was recorded. In
each case it has been possible to identify an
average peak period and an exponential decay.
The results for both are presented in Figures
2 and 3 respectively.

It is interesting to note that the pure
moment was applied by a cable passing through
two vertically aligned pulleys placed on the
model legs. It also should be said that it
has been difficult to obtain information for
the heave mode via decaying tests., This mode
is supercritical and the tests yield no conm-
plete cycles. A crude estimation was obtained
by shaking the model up and down following the
peak frequency.

4. THE TESTS IN WAVES

The next set has been the tests in regu-
lar waves with the modiel xept stationary In
this case two leg positions (fully eleva

,

1 ted
and 10 meters down) and three headings [180°-
head seas, 909-beam seas and 1:8° - with a
board perpendicular to the wave direction)
have been considered. The model was held by
two soft springs insbtially placed transver-
sally to the wave propagaticn. As the molel
drifted it was easy to see that there is
enough restoring moment in order to keep the
correct heading.

The more significant results for the reg-
ular wave tests are presented in Figures 4, 5
and 6 for pitch, roll and heave respectively.
For comparison, in these figures results from
a linear diffraction - theory computer program
(Vasconcellos et al 55) is also presented.

Several tests also have been perfcrmed
with random waves covering the same headings
and leg positions. The 10 years storm off-
shore Rio de Janeiro where the main Brasilian
0il field is located and also the sea in the
same region encountered during the transport
of a relative jack-up has been simulated. The
latter is similar to the one tested in the
towing tank (same shape, close displacement
and inertia). However, it was transported
with its legs 45m down different from the
fully elevated and 10m down positions which
have been tested. During that transport the
sea direction with respect to the platfeorm was
about 120° and its spectral density is give.
in Figure 7. The spectral density for pitch,

roll and heave are shown in Figures 8, 9 and
10 respectively.

5. THE SEAKEEPING TESTS

In the next set of tests the model was
towed against head waves (simulating 6 knots
towing). A similar transfer function for
pitch and heave has been obtained and is
shown in Figure 11 and 12 respectively. The
added resistance due to waves has also been
obtained and it is shown in Figure 13 and 14
for fully elevated legs and 10 meters down
respectively. The latter have been confirmed
to be preportional to the square of the incor-
ing wave amplitude and it has been obtained
using resu.rs from the resistance tests., The
motiona ‘hese tests have been measured
as befcre “he resistance forces have been
meagsured rlock gages., During the scakvep-
ing tests one has oscillating resistance for-
ces and snme elasticity was given ta the
towing cable (n order to avoid its slacknes=.
The estimated rnatural frequency of the ftowing
system was about 17 times less than the sea-
keeping frejuency range of interest.

mecre ends up a set of tests like
ned here, 1t comes up normally
“f more tests. It is hard *o
z research work completely,

13 with other heading (€%
onz would be interesting.
ay consider the work per-
smpiete with respect ©o the

ti

st

be considered gereraliy

5 engineering purposes. For

v & possible now to anticipate the

{re ency range for the motions that
However, looking from the

of view it is convenierrt to

izure 2 and 2 The discontinuity
iteh peak periods and in the
2iear. The reascn for the
behavior of the hydrecstatic
re o . Wwhen the legz are fully
elevated they vold water and the leg holes
work dynamically az on board tanks., This
increases “he metacentric height. When “he
legs are lowered by a short distance @!say &m)
vhe noles are open to the sea decreasing the
metzcentris height, Maybe more important than
the thange in the peak period is the change

in the damping factor., This is unconserva-
tive and leads to the conclusion that if one
Wants to decrease roll and pitch oscillations
one should lower the legs by a significant
amourt. This is also confirmed by the exp:ri-
Tental results as shown in Figure 4 and & for
the tests in waves. 1In this respect since

the potential theory calculatiorn shows a 4if-
ferent trend as one may see in the same
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Measurement of the Forces on a
Slightly Submerged Cylinder

Stephen B. Hodges and William C. Webster
Department of Naval Architecture and Offshore Engineering
The University of California, Berkeley
Berkeley, CA 94720

Abstract

The forces on a slightly submerged rectangular
cylinder undergoing vertical oscillations are investi-
gated experimentally. This flow situation is highly
nonlinear at low frequencies and at amplitudes of
motion which are large compared to the gap be-
tween the top deck of the structure and the free
surface. Previous experiments performed by Chung
(1977) provided only sparse coverage of this
interesting range. Our experiments use a new piece
of test equipment, called a random motion mech-
anism (or RMM for short), designed to explore non-
linear phenomena such as this. The results of
extensive measurements are compared with existing
linear methods (the close-fit method of Frank (1967)
and a matched asymptotic expansion by Newman, et
al. (1984)), and with a new nonlinear theory by Yum
(1985). Although Yum's theory matches best, it
deviates from the experiments significantly in the
very low frequency range.

1.0 Introduction

The focus of the research presented in this
paper is the flow about, and the forces on, a body
oscillating vertically very near the free surface.
There were several motivations for this study. First,
it is an important problem both for submarines (when
they start to submerge or when they broach the free
surface), and for semisubmersible platforms (where
the twin hulls may always be cnly slightly submerg-
ed). Second, and perhaps more appropriate to the
“tankery"” aspects o the ATTC, this study gave us
the opportunity to exercise our new hydraulically-

*  Support for this project was provided by the David W.
Taylor Naval Ship Research and Developement Center under
the General Hydromechanics Research (GHR; Program under
contract number N00014-82-K-0007.
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operated, randomi-motivn mechanism (which we will
simply call the RMM). This piece of test equipment
was designed and constructed at the University of
California. Berkeley=

The dynamic charactenistics of a body fioating
in an otherwise undisturbed sea are an important
component in the estimation of the wave induced
motions of a ship, as well as in the estimation of
motions arising from other effects. Muca of the
study of these so-called forced motion problems has
been theoretical using potential theory. appropriate
for the irrotational flow of an inviscid and incompres-
sible fluid. For bedies which either pierce the water
surface or are submerged deeply below it, small
amplitude oscillatory motions lead to small disturb-
ances to the flow. Thus, the free surface and bodv
boundary conditions can be linearized and the poten-
tial flow problem solved. A variety of numerical
techniques are available to compute such flows.
Close-fit methods are common for two-dimensional
forms (Frank (1967)). Slender-body approximations
and so-called diffraction theories are available for
threz dimensional forms (for instance. Salveser.
Tuck and Faltinsen (1970). and Garrison, (1975))
The results from these theories compare well with
experiments as long as the motion ampliiudes remain
small with respect to all of the principal dimensions
of the flow situation. To apply these techniques
when the body is only slightly submerged, the mo-
tions must be small relative to the gap between the
top of the body and the free surface, and this restric-
tion is severe.

A set of experiments was made by Chung
(1977) for circular and square cylinders undergoing
heave and sway oscillations at several submer-
gences (as defined in figure 1}, d/b = 0.25 being the
shallowest. He compared the results with close-fit
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theory and showed that this theory breaks down as
the body nears the free surface. particularly for low
frequencics of oscillation. He also confirmed the
existence of a negative added mass for some low
frequencies which had been predicied numericuily
by a number of investigators.  Other experimertal
results were recently published by Higo (1985 for a
rectangular cylinder with a beam to draft ratio of 2.0.
Submergences of 0.1, 0.2 and 0.5 were tested. While
these results cannot be directly compared with the
present experiments, the churacter of the results is
encouragingly similar.

Newman, Sortland and Vinje (1984) presented
a linear theory for this problem, based on the as-
sumption that free surface effects are significant in
the flow on top of the cylinder as well as in the v
surrounding the cylinder, bit not in a small reqion
the neighborhood of the corners of the cyvindor.
Linear solutions were found for the inner and outer
regions and matched in the corner regicn. The
results appeared to be an improvemeont over the
close fit method and provided a simple explanation
for the negative added mass at low frequencies.

The complete, large amplitude moticn prohlem
for a body floating in or near the free surface is quite
difficult and has yet to be solved in any satisfuctory
manner. However, another approach is feasible for
the special case of a body which is slightly submerg-
ed and oscillating at an amplitude which is hoth: (a)

aw

small compared wirh the boady dimensions, and (b)

comparahiv to the depth of the gap. Yum (1985)
cousidered the firw to be comnosed of two domains,
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located at one end of the tank with a gently sloping
beach at the other end. One criterion for selecting
the model dimensions was to allow a reasonable
amount of data to be taken at the lowest test fre-
quency before the radiated waves reflected from the
bulkhead reached the model.

The oscillatory heave motion was provided by a
hydraulically actuated, random planar motion mech-
anism, hereafter referred to as the RMM. Details of
the design, construciion and capabilities of the RMM
may be found in Hoech (1984). The RMM was
mounted vertically on its steel frame wiich was in
turn ciamped to two wide flange beams spanning the
tank. The beams were secured to the carriage rails
on the tank walls. Figure 3 shows this arrangement.
The hydraulic power supply was mounted on a small
carriage adjacent to the RMM.

The RMM had been used only once prior to
these experiments, for the measurement of wave
drift forces on a surging cylinder (Hodges (1985)). It
had never been used for vertical motions, so a sec-
ondary gcal of these experiments was to evaluate
the performance of the RMM in this situation. The
original motivation for developing the RMM system
was to provide regular as well as random oscillatory
motions, unlike older cam and belt driven planar
motion devices capable of only regular sinusoidal
motions.

Steei Frame

nd Signal Generation Svste

The RMM is operated by a hydraulic servo
valve actuator manufactured by MTS Systems, Inc.
This choice was made after an exhaustive analysis
of other alternatives, such as electric motors, step-
ping motors (both electric and hydraulic), etc. Al-
though the maximum capacity of the actuator is
rated at 1100 pounds (% 4890 N), the stiffness of the
current supporting structure reduces the practical
limit to around 50 pounds (222 N) for horizontal
motions and 250 pounds (1110 N) for vertical
motions.

Most existing planar motion mechanisms of this
size are either cam or belt driven, using electrical
motors. However, such a system is only capable of
generating regular sinusoidal motions. One motiv-
ation for designing a new planar motion mechanism
driven by a hydraulic actuator was that such a
device may be used to generate arbitrary motions
and, in particular, may simulate motions due to a
random sea state. It may also be used for pre-
scribed sway or yaw motions for maneuvering tests
ot ship models.

The input signal for the RMM may be from

either an analog signal penerator, magnetic tape, or
digital computer with a digital to analog converter.
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Freure 2: RMM and supporting frame
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Analog filtered electronic white noise may be used,
but the technique is cumbersome and the spectral
shape is limited by the characteristics of the analog
filters available. Alternatively, the input signal for the
RMM (or the wavemaker) may be generated by a
digital computer and converted to an analog signal.
The advantage of the computer generated signal is
that random motion spectra may be easily simulated
and duplicated. The primary disadvantage of the
computer generated signal is that one must be care-
ful to generate enough data points to make the re-
sulting analog signal smooth enough to simulate a
truly analog signal.

At the University of California, Berkeley, a 16
bit microcomputer (CompuPro™ Systems Model 816)
is dedicated to this purpose. A clock and a 12 bit, 4
channel digital to analog converter (Dual Systems
Model AOM-12) are synchronized to generate an
output signal with of arange of £ 10.0 volts. The input
data may be generated by simple FORTRAN pro-
grams for sinusoidal or empirical spectra. Data may
also be prepared elsewhere and transferred by mo-
dem or floppy disk. At the present, the signal is
generated by another FORTRAN program which
reads all of the data points from floppy disk to inter-
nal memory, and then uses the clock to control the
digital to analog converter. However, during the pre-
sent experimerts, it was found that the actual output
signal was slightly slower than prescribed by the
input data. For example, a 1.0 second sine wave
with 128 data points per second gives an output
signal with a period of 1.0125 seconds. Apparently,
computer overhead accounts for the difference.
This discrepancy is easily corrected in the generation
of the input data. However, it could cause problems
for relatively short wave periods where more data
points per second are required to achieve an ade-
quate number of points per cycle. It couid also be a
problem when the input data is imported from other
sources, or if the data is not sinusoidal in nature.
Therefore, it is intended to rewrite in assembly lan-
guage, portions of the program that drives the digital
to analog converter.

It might be noted here that for purely sinusoidal
oscillations, this computer-based system is not as ef-
ficient as an analog signal generator because of the
time required to generate the input data and to read
it from a floppy disk be.ore running each test. How-
ever, for random motions, it is much more efficient
and versatile than other approaches. The acquisition
of a hard disk drive would speed up data input and
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output since a great deal of time is spent reading and
writing to the floppy disks.

For the present experiments, only regular sinu-
soidal motions were used. However, other tests
have been made using a random input signal with nc
model attached. Figure 4 shows the computer gen-
erated input signal for a Bretschneider spectrum and
the corresponding motion of the RMM arm. Except
for some of the high frequency components where
some smoothing has occurred, the agreement is quite
good. From a series of tests using the same input
signal and varying the gain on the RMM controller, it
was found that the high frequency response was
better for smaller amplitude motions. This result is
not suprising and is typical of such systems.

Computer generated input signal

Figure 4: Random input and measured motion of
RMM actuator

2.2 Details of the RMM

The model is attached to a two pronged arm
that is mounted in a stee! frame with three lincar
bushings on either side, as illustrated in figures 3 and
5. The hydraulic cylinder is mounted at the center of
the frame. It is free to rotate through sma.l angles
but is laterally fixed by a pinned connecticn. The
free end of the actuator is bolted to the arm at its
center.

The actuator has a maximum peak to peak
stroke of 12" (30.5 ¢m). The control svstem has the
capability of specifying shorter limits that will cause
the system to shut down if they are exceeded. This
system works well when the RMM is used in the
horizontal position, but it is not fail-safe in the vertica'
mode because the shutdown mechanism also cuts
off the hydraulic power supply. Once the hydraulic
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pressure is reduced, the actuator will slowly be ex-
tended by the weight of the model. In most cases
where vertical motions are used. the RMM will be
mounted with the arm on the lower side as shown in
figures 3 and 5. In this configuration, the weight of
the model will pull the actuator to its full extension.
This will put the whole reaction on the actuator itself
which may damage it. To prevent such an occur-
rence, a length of i/z” (1.27 ¢cm) nvlon line is se-
cured in a loop around the support frame and the
RMM arm. The line is loose enough to allow normal
operation but short enough to stop the arm before
the actuator reaches full extension. While originally
considered an interim <olution. the nylon line has
proven to be advantageous ip that it not only pre-
vents full extension of the actuator, but it provides a
soft stop. A more permanant mechanical device is
being studied, but for the present, the line appears to
be an adequate solution.

The position of the RMN arm is measured by a
lirear potentiometer mounted on the arm. A sheave
is attached to the potentiometer and a string is wrap-
ped around it and attached at either end to the fixed
frame. The potentiometer capacity and sheave size
may be easily changed to suit the resolution needs of
each set of experiments. This system is simple, reli-
able and versatile.

Several tests were made to compare a sinu-
soidal input signal with the actual motion of the
RMM arm. The strip chart records showed no
visible discrepancies and a Fourier analysis of the
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output showed no significani energy at any fre-
quency other than the input frequency.

The acceleration of the actuator was also
measured with an accelerometer clamped to the
arm. The measured accelerations were not nearly
as smooth as the motion. At the end of each stroke,
there is a small thump which can be seen in the
unfiltered record of figure 6. This appears to be
caused by the interaction between the actuator and
the seals that prevent hydraulic fluid from leaking
through the annulus between the actuator and the
cylinder. These seals are rather tight. but have a
small amount of play along the cylinder axis. As the
actuator changes directions, the seals move a small
distance before coming up against a stop. This
seems to be the cause of the thump at each ena of
the stroke. Several different sets of scals have been
used on the actuator. The original oncs were quite
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hard and secemed to generate very large end-of-
stroke accelerations. The seals we are currently
using are much softer but do permit some leakage.

This impulse loading is small but may be felt by
a hand holding the actuator or anything fixed in the
vicinity of the RMM. It does not appear to affect
the smoothness of the motion of the actuator, but it
does induce a free vibration response of a model
suspended from it. For most practical cases, the
model attachment mechanism is quite stiff and ity
resonance frequency is much higher than the oscil-
lation frequencies of interest. As long as the vibra-
tions are not so severe as to disturb measurement of
the phenomenon under study. there appears to be no
problem. Mlost applications of such a planar motion
mechanism are associated with measuring linear
added mass and damping coefficients (as in this
report) and these vibrations are of little consequence.
However, if one is dealing with an impulsive motion,
this resonance could cuuse difficulties.

Vibrations may aiso pose some problems when
studying nonlinear phenomena. The RMM was used
once previously to measure wave drift forces on
surging cylinders (Hodges {195.3}). In order to meas-
ure the drift force accurately, the force transducer
attaching the model to the RMM was required to
have high resolution for small forces and, conse-
quently, had a relatively low stiffness. This induced
excessive vibradons for larger motion amplitudes and
it was not clear whether vibrations from the RMM
adversely affected the results.

A steel frame was constructed to support the |

RMM which may be mounted in the vertical or hori-
zontal direction inside the frame. The frame was
designed to be mounted on th2 existing towing car-
riage in the longitudinal or transverse direction. For
tests where the model is not to be towed, it may be
secured to two steel wide flange sections spanning
the tank as shcwn in figure 3.

The hydraulic power supply is mounted on a
separate carriage which may be pulled behind the
main carriage or secured to the tank rails for fixed
tests.

2.3 The Cylindrical Model

The dimensions and structural design of the cyl-
indrical model were based on the following criteria:

» The dimensions of the cylinder should be
chosen so that the waves generated by the
lowest frequency oscillation will not pefl 2o
from the bulkhead and reach the model
before enough data has been collected to
obtain consistent results.

« Test conditions should represent “deep”
water for the radiated waves, since the
theories to be compared with the results
assume this.

« The maximum force induced uncer any test
conditions should not exceed the rated
strength of the force trans.ducers of 120
pounds (533 N) each.

« The structural resonant frequency of the
cantilevered ends of the cylirder should be
high erough to be well out of the frequency
range of interest (e.g. on the order of 10
Hz).

« The model should be ballasted to be nearly
neutrally buoyant 1o take advuntage of the
full range of the force trunsducers.

« The internal structure of the modet should
be strong enough to support its own weight
out of water during installation and removal.
It shouid also be light enough to be easily
handled in and out of the wa.er.

The first two condit.ons hmited the breadih of
the model to approximately one foot.  Although a
smaller cylinder might have been more desirable fer
ease of handling, it was feared that difficultics would
arice in making it structuraily suff enough to aveid
excessive vibrations. For a 12" (30.5 c¢m) square
cylinder, it was estimated that the Towest test periods
would be on the order of 3.0 seconds. The rime re-
quired for a wave radiating from the maedel to reach
the bulkhead and return to the model was calculated
to be around 32 seconds, «llowing just enough time

for a gradual start up and 20 seconds of gond duna

In order to provide neutral buoyancy with the
model submerged, @ 127 x 127 x 96" (30.5 x 30.5 x
2438 ¢m) cvlinder must weigh around 500 pounds
(2222 Ny in air. The length of the model (967} was
chosen to fit the width of the towing tank with ahe!
1/4” to spare. For ease and cconony In constructiorn,
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the mode! was to be buili from Plexiglas™ sheets. Due
to the relatively light weight of Plexiglas, a great deal

of ballast was required to achieve the 500 pound
(2222 N) weight. Varnous solid weight ballasting
schemes were considered, but the difficulty in mak-
ing all joints watertight and the unwieldiness of such
a massive model made them impractical. Instead,
the model was designed to be completely flooded
during testing.

The model was constructed entirely from !/,"
(.635 cm) thick Plexiglas sheets. Longitudinal bend-
g strength was provided by the outer walls and a
solid vertical bulkhead runming the length of the
model along the centerline, as illustrated in figure 7.
Transverse bulkhead< were placed at one foot inter-
vals to provide shear strength and vertical load trans-
fer. Each uansverse bulkheud had six, 21," (6.35
cm) diameter holes drilled in 1t to allow free flow
between compartments during tlooding.  Small
notches were cut along the base of all transverse
bulkheads as well as the central longitudinal bulk-
head to facilitate drainaee. During installation, all
flooding was through the end bulkheads with air
escaping through small holes ('," (.635 cm) diam-
cter) drilled in the top panel at the corners of each
compartment. None of the holes were sealed during
the test. The clearance between the ends of the
cylinder and the tank wall was approximately !/ ("
(.159 cm), leaving little room for any appreciable
flow when the cylinder was oscillating. During some
tests. a small flow was observed emanating from the
air holes next to the central bulkhead, but this was
considered insignificant.

Steel angle sections were bolted vertically to
the bulkheads on either side of the midsection and
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Figure 7: Model dimensions
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the central bulkhead as shown in figures 7 and 8,
These two transverse bulkheads were twice the
thickness of the other bulkheads ( ':," (1.27 ¢m)) and
the central bulkhead was iocally reinforced near the
bolts. Each angle extended approximately 10" (25.4
c¢m) above the top of the panel where they were
connected by a horizontal alumnum T-section. The
force transducers werc mounted symmetnically on
the flange of the T-section and secured to the RMM
arm as shown in figure 8. The cylinder was lifted by
a single line attached to eye hooks mounted on the
outside of the angles with a wooden spreader beam
to avoid interference with the transducers.

Although the model was nominally 96 inches
(243.8 ¢m) in length. it was measured to be slightly
longer after construction. The tank was incasured at
the top of the wails to be 9o'.," (245.1 c¢m), bu:
tapered slightly so that. at the level where the model
was to be tested, there was only ' )" (159 cm)
clearance on either end.  This presented consider-
able problems in aligning the RMNM and the model so
that the ends would not rub the wall at any point in
the stroke of the RMM. Although the anticipated
)" (635 cm) clearance would have been far more
convenient, it is believed that there was no interfer-
ence with the wall during the tests.

It is common practice to determine the mass of
such a model by oscillating it in air. Such a proce-
dure was impossible in this case because of the bal-
lasting method. Instead, the model wis weighed
before installaticn and the volume and mass of the
Plexiglass and the submerged part of the support
frame were carefully calculated. The remaining
volume of water was found and the total mass est-
imated to be 16.27 lb-sec/ft (237.4 kg). The import-
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Tuable 1: Model dimensions

ant dimensions and properties of the model are
summarized in table 1.

The natural frequency of vibration of the free
ends of the model was estimated by considering
each side of the model as a cantilevered beam fixed
at the midspan of the model. Using linear beam
theory and hydrodynamic coefficients obtained from
Yum (1985), it was found that the natural frequency
was on the order of 10 Hz. This was considered
acceptable, as the test frequencies were to be on the
order of 0.2 to 1.0 Hz. After the model was installed
in the tank, a free vibration test revealed the actual
natural frequency of the system to be around 7.0 Hz.

3.0 The Experiments
3.1 Scope of Experiments

In terms of the nondimensional wave number,
N - 0?b/g, the region of N > 1.0 was well docu-
mented by Chung (1977) and others and conse-
quently, was not investigated in the present study.
The dimensions of the testing facilities limited the
lowest frequency for the present experiments to N =
0.07. Tests were conducted for submergences of
0.25 and 0.10 corresponding to the available numeri-
cal results. Four motion amplitudes were tested for
the deeper submergence and two were tested for
the shallower case. The tested frequencies and amp-
litudes are summarized in table 2.
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r-q-—q—-———-————* T
item Value : d = d/b 0.25 0.10
Length, L 96 in. (243.8 cm) a=a/b 05, .10, .15, 20 10, 20
Beam, 2b 12 in. (30.5 cm) a/d (mofguw) | .20, .40, 60, 80 40, .80
Draft, T 12 in. (30.5 cm) N = wb/g 071 - .80 071 - 90
Mass, m 16.27 Ibs2/ft  (237.4 kg) Table 2. Experimental parameters

xperimental 1

Prior to each test, the cylinder was aligned to
the proper submergence by adjusting the zero posi-
tion of the hydraulic actuator. The input signal was
checked on a strip chart recorder and then the amp-
litude of the motion was slowly increased to the
desired amplitude over a period of around five
seconds. After a few cycles, when the strip chart
reccrd cf the force showed an apparent steady state,
data acquisition was begun. Data was taken over a
period of 20 seconds at intervals of 0.05 seconds.
On one or twn occasinne, the waves reflected frem
the bulkhead end of the tank were observed striking
*he model before data acquisition was completed so
the data analysed was limited to the segment before
the interference began. No noticeable lateral motion
was observed during the tests.

A Fourier analysis was made of each force
record, with the leading coefficients taken to be the
linear hydrodynamic coefficients. Although these
coefficients do not display the nonharmonic char-
acter of this nonlinear process, they form a cenven-
ient basis for comparison.

3.3 Experimental Results and Observations

The notation used in this paper follows Yum
(1985). The effective added mass and damping
coefficients are nondimensionalized as

N S
1/2 mpb?L

Bk
172 Tpb?L
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Figures 9, 10, 11 and 12 show the experimental
data compared with numerical results for the hydro-
dynamic coefficients of a square cylinder using lin-
ear theory, the theory proposed by Newman, et al.
(1984)and the theory of Yum. The first two figures
are for a gap between the cvlinder top and the free
surface of 25% of the cylinder half breadth, and the
second two are for a gap of 10% of the half breadth.
The results of Newman, et al were only available for
the second case. The experimental data from Chung
(1977) are included in the first set of figures, for
which the motion amplitude was 36% of the initial
gap (a/b = .089).

It should be noted that the close-fit and New-
man, et al. resuits arc from naear theories while the
results of Yum are nonlinear with respect to motion
amplitude. The amplitude used for these figures was
quite small. Figures 13 and 14 show the amplitude
dependence of this theory for d/b=0.25.

The observed tlow pattern varied significantly
with both frequency and motion amplitude. For rela-
tively small amplitudes, the flow on and off of the top
of the cylinder was orderly. During the downstroke,

Fieure 9. Added mass coefficient (d'b = .25)
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Figure 10: Damping coefficient (d/b = .25)
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water flowed over the top like a sheet and reversed
itself on the upstroke. This was particularly true for
higher frequencies where the volume of the flow
was restricted by the shorter time before the next
half cycle. For lower frequencies, there was time
for a significant volume of fluid to enter and leave
the inner region on top of the cylinder during each
cycle. Below a certain frequency, the sheet flow
from the two sides met in the middle before the re-
verse flow began causing a reflection at the center
line. .

For higher amplitudes, the oncoming and re-
flected flows contained hydraulic jumps and there
was often a vertical jet at the centerline as the two
bores met. These phenomena were particularly pro-
nounced for the shallow submergence case.

Chung (1977) made similar observations and
noted that there was a slight discontinuity in the data
at the frequency where the flows from both sides
first had enough time to meet and reflect. A similar
behavior may be seen in the present study for motion
amplitudes of 20 and 40% of the gap in figures 9 and
11 respectively. For larger motion amplitudes, al-
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though the flow transition was observed, the effect
on the hydrodynamic coefficients was not as pro-
nounced. The reason for this is not clear.
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The phasing between the centerline reflection
and the cylinder's motion also varied with frequency.
For higher frequencies, the reflection occurred later
in the cycle. The sketch in figure 15 shows the ap-
proximate flow pattern observed during low fre-
quency, high amplitude tests.

4,0 Conclusions

It is clear from these results that the hydrody-
namic forces associated with the vertical oscillation
of a two-dimensional cylinder very close to the free
surface are strongly nonlinear with respect to motion
amplitude. At the high end of the frequency range
tested, as observed previously by Chung (1977), the
experimental results agree well with the linear theory
and show no significant amplitude dependence.
However, the motion amplitude appears to be dom-
inant at the lower frequencies. This is important
because this is the region where the added mass
coefficients undergo dramatic changes.

The results for the smallest motion amplitude
(a/d = .20) of the deeper submergence (d/b = .25)
agree reasonably well with the linear close fit sol-
ution, even for low frequencies. Results for the
larger motion amplitudes diverge significantly for N
< 0.5. However, these results do not follow the cal-
culations of Yum (1985) either, particularly for the
damping coefficient.
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(Arrows represent approximate velocity vectors)

Figure 15: Observed flow pattern for large amplitude, low frequency oscillations

96




References:

Chorin, A.J. (1976): "Random Choice Solution of
Hyperbolic Systems”, Journal of Compu-
tational Physics, no. 22.

Chorin, A.J. (1977): “"Random Choice Methods With
Application to Reacting Gas Flow", Journal of
Computational Physics, no. 25.

Chung, J.S. (1977): "Forces on Submerged
Cylinders Oscillating Near the Free Surface”,
Journal of Hydronautics, vol. 11, no. 3.

Fronk, W. (1967): "Oscillation of Cylinders in or
Below the Free Surface”, National Ship
Research and Development Center report no.
2375.

Garrison, C.J. (1975): "Hydrodynamics of Large
Objects in the Sea"”, Journal of Hydrody-
namics, 1975,

Glimm, J. (1965): "Solutions in the Large for
Nonlinear Hyperbolic Systems of Equations”,
Communications in Pure and Applied
Mathematics, vol. 18.

Higo, Y. (1985): "A Study of Nonlinear
Hydrodynamic Forces Acting on a Rectangular
Cylinder Oscillating with a Large Amplitude”
(in Japanese), Journal of the Kansai Society
of Naval Architects, no. 199.

97

Hodges, S.B. (1985): "An Experimental Study of
Surge Drift Forces on Shallow Draft Circular
Cylinders”, University of California, Berkeley,
Department of Naval Architecture and
Offshore Engineering, Master of Science
thesis.

Hoech, J. (1984): "Design and Cunstruction of a
Random Motion Mechanism", University of
California, Berkeley, Denartment of Naval
Architecture and Offshore Engineering,
Master of Engineering thesis.

Newman, J.N,, Sortland, B., Vinje, T. (1984):
"Added Mass and Damping of Rectangular

Bodies Close to the Free Surface”, Journal of
Ship Research, vol. 28, no. 4.

Salvesen, N., Tuck, E.O. and Faltinsen, O. (1970):
"Ship Motions and Sea Loads", Transactions,
SNAME, vol.78, pp.250 -279.

Webster, W.C. (1979): "Computation of the
Hydrodynamic Forces Induced by the General
Vibration of Cylinders”, Journal of Ship
Research, vol. 23, no. 1.

Yum, D.J. (1985): “"Nonlinear Flow Around Slightly
Submerged Two Dimensional DBodies”,
University of California, Berkeley, Department
of Naval Architecture and Offshore
Engineering, Ph.D. dissertation.



NON-LINEAR ANALYSIS OF TIME SERIES DATA
by John E. McDowall
Senior Engineer
Offshore Technology Corporation

Introduction

The problem of designing a mooring system
for a ship in the ocean is a classical one that
every engineer assnciated with the sea has to
solve at least ance in his career. This moor-
ing analysis can range from either a simple
static catenary analysis to a full dynamic time
domain simulation. To perform such an analysis
it is necessary to determine the environmental
Toading on the system, DNue to the complexity
of these forces it is often necessary to per-
form both physical and numerical modeling to
arrive at an appropriate solution. As the
rasponse of a moored vessel is highly non-
Tinear it has hecome necessary to develop tech-
niques to interpret the data collected during
physical tests to compare with numerical
models. In this paper we would like to examine
the application of techniques to investigate
the response of moored vessels using time
series analysis particularly the second order
response. This is a very significant problem
as the second order motions are usually greater
than the first order response and can very
often be the limiting design factor.

There have been published several excel-
lTent works on the subject of time series analy-
sis (references 1, 2, and 3) and it is not
intended to reiterate work already done,
instead the objective of this paper is to dis-
cuss applications of these techniques as they
relate to the analysis of the response of
moored vessels. 1In the past several years
0ffsihore Technology Corporation has invested
several thousand manhours into developing a
comprehensive library of time series analysis
routines to interpret experimental data either
at model scale or full scale. The majority of
these routines are for linear input/output
systems., Recentlv implementation of routines
that determine the quadratic transfer operator
has been undertaken. The primary aim of this
work is to examine the slowly varying drift
motions experienced by moored floating bodies
in a seaway.
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Background

The results of a seakeeping test usually
take the form of specifying the power spectral
densities of the wave and the vessel resoonses
and the resulting vessel Response Amplitude
Operators (RAOS). The power spectral density
function is given in fquation (1)

Nd
Gxx(f) = __ 1 X ()< (1)
NgT k=1

Figure 1 gives a typical power spectral density
function for a Pierson Moskowitz spectral for-
mulation and Figure 2 gives the total horizon-
tal restoring force in the surge direction.
From figure 2 the significance of the low fre-
quency component which i< the second order
response of the system can be observed.

To obtain information on both the phase
and the percent random error of the ships
response it is necessary to use what is termed
cross spectral density analysis. Use of this
technique rather than auto spectral density
analysis eliminates uncorrelated signal noise
and allows the determination of the true linear
response of the system, The expressions for
the RAD, the phase angle, and the percent ran-
dom error are given in Equations {2)-(4).

RAO, Hi(f) = Modulus (Ryj(f)) (2)

Phase Angle =
tan”' (Im{R;(f)]/Re[Ry;(f)]} (3)

Gy ()17
Gxx(f) Gyy(f)

Coherence, vzxy(f) =




v M

Random Error = ¥ 2.1‘nyA ()] (4)

toxy (FY1 7 Ng

where:

Gxx(f) - auto spectral density of output

ny(f) - auto soectrai density of outnut

fixy(F) - cross spectral density of input
’ with output

Examples using this technique are given in
Figures 3 and 2. Frgai this standard analysis
it is possihble to determine the ships response
to the specified sea spectrum., If the vessel
is wall sided the pitch and heave response will
not vary with sea spectra and can be defined
exactly hy this technique over the range of
input wave frequencies.

Nynamics of a Soft Moored System

The motions of a vessel in a soft moored
system cannct be predicted by linear theory
alone. The motions of 2 moored vessel are
excited in two fraquency ranges:

+  linear wave frequency comnponents

companents at frequencies nuch lower
than wave frequencies

this is shown in Figure 2 which is the horizon-
tal restoring force on a soft moored vessel.
This figure shows the effacts of both the wave
frequency components and the low frequency com-
ponents.

It has been found that the wave freauency
components are proportional to the wave ampli-
tude while the low frequency components are
proportional to the wave amplitude squared.
From natural period tests it is seen that the
low frequency motions are at the ships surge
natural period. In the example shown this
period is around 0.0033Hz. At this low fre-
quency there is very littie damping. There is
practically no wave damping and what little
damping there is, is mainly due to hull fric-
tion and other viscous effects. This low damp-
ing and resonance effects create a highly tuned
system with very little damping. The predic-
tion of the magnitude of the low frequency
motions is difficult due to the difficulty in
sredicting the low frequency damping. In com-
puter modeis this has to be input as an empiri-
cal factor and results from model tests are
difficult to scale up due to the viscous nature
of the damping forces.

description of Model Tast

Recent physical model tests nof a turret
moored tanker have presented an opportunity to
examine the low frequency response nf a moored
vessel in a realistic environment. The system
consisted of an eight noint mooring system,
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that was simulated with horizontal sirings as
shown in “igure 5. The systen was tested at
three different drafts and in a combination of
w#ind, waves and current. The princinal partic-
ulars of the vessel are given in Tahle 1 with
the scaled dimensions of the other vessel used
in this paper. The environmental conditions in
which all three drafts were tested are given
below:

Waves - ~ierson Moskowitz Snectrum Heiq
= 53.0 ft. X
Wind - Uniform Wind Profile, Velocity

= 100 knts.

Current - iniform Surface Current, Velocity
= 3 knts.

A detailed description of the system is given
by Key, et.al. (reference 3).

The mooring line tensions for each indi-
vidual mooring line were resolved into the
surge and sway directions, as the turret rata-
tion was not measured during the tests, turret
rotation was not included in the analysis. As
the environment was co-linear and fron ohserva-
tions the turret breakout tarque was never
exceeded in the co-linear envirdnmental tests,
this assumption will produce no significant
errors. The resnlved tensions were chacked
using the measured system restoring force and
the nmeasured disnlacements and qood agreement
was shown.

Second Order Spectral Nensity Function

The investiqgation of the low frequency
wave response of a moored vessel depends very
heavily on the character of the input spectrum.
Typically model basins compare the nenerated
first order spectrum with the desired theoreti-
cal and iterate to achiave an acceptahle
spectrum. ‘When investigating the low frequency
response of it is necessary to ensure that the
low frequency spectrum is also correctly
modelled by the wave generator. At Offshore
Technology Corporation we currently use a mini-
mum bandwidth of 0.13Hz ana a non-repeating
algorithm for wave generation that can he iter-
ated to obtain the correct spectral density
function as is shown in Figure 1. The snectral
density function for the low frequency response
{Equation (5)) as given by Rendat and Piersol
{reference 5)

®

ny(f) =3 [; GXX(U) Gxx(f‘ll] du (5)

This function is shown in Tigure 5 for the
Pierson Moskowitz Spectrum shown in “iqure 1.
The figure shows bhoth the measured data and the
theoretical spectrum for the wmodel. As can he
seen for both the linear and the second order
spectrum the input wave c¢losely matches the
required specifications.

Lo e 2 el o

O SRy




Second Order Transfer Function

To properly interpret experimental data it
is important to have a good measure of the
error inherent in the measurements. This is a
standard technique for the linear RAO's shown
in Figure 3. This is also equally true for the
lTow frequency response. As yet this has not
been implemented into our system even though
the theory has been published by Bendat and
Piersol (reference 6). As is shown, one of the
significant problems associated with the deter-
mination of the second order transfer function
is the length of the record required to obtain
a stable estimate of the transfer function. To
investigate this problem experimentally an
experiment was conducted for three hours proto-
type time and then analysed over the whole test
and then over the first half and then the last
half using second order analysis.

Cross bispectral analysis is used at
O0ffshore Technology Corporation to analyse the
steady and slowly varying forces and hence
determine the second order responses of a
moored system. The second order response is
characterised by the quadratic transfer func-
tion (QTF) which is the second order equivalent
of the Response Amplitude Operator (RAQ) for
linear systems. The QTF quantifies the non-
linear response of a structure as a function of
frequency, allowing the determination of a
vessel's response to an arbitrary seaway.

In a random seaway the response of a ves-
sel subject to a random seaway can be quanti-
fied statistically by the power spectral
density. Normally the linear relationship bet-
ween the input and output is expressed as the
RAQ. In non-linear systems this provides only
part of the answer and it is necessary to quan-
tify the quadratic RAD. The relationship bet-
ween the second order spectral densities is
given as follows:

o

Gyy(F) = | Hy(F) | 2 Gex(F) + 8 1 |Hap(u) | 2
Q
‘Hz(f-u’ | 2 GXX(U) Gxx(f—u) du

where Ho(f,.) is the quadratic transfer func-
tion.

The first term on the right hand side
gives the linear response and the second term
gives the second order (low frequency)
response. If Hy(f) and Ho(f,s) are known, the
vessels linear seakeeping and slowly varying
response can be determined. The second order
term consists of an integral of the product of
the second order transfer function and the
input wave spectrum evaluated at the frequency
f, and at the frequency f-u, where u is a small
delta frequency corresponding to the low fre-
quency of interest. Note that in the integral,
f is a durmy variable of integration.
Therefore, what results from the integration is
the value of the PSD at the delta frequency,
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Gyx{u). We have chosen to define the quadratic
transfer function Ha(f,u) such that the rela-
tion given in the equation is exactly
satisfied, consistent with our usual defini-
tions of the wave spectrum, Gyy(f).

In our investigation here it is the steady
drift that is of interest, this implies that u
is equal to zero. This greatly simplifies the
determination of the second order transfer
function. By choosing the zero frequency
response the Fourier transform of steady force
is identically equal to the average force.

To evaluate the results of our analysis we
compared the results to two similar vessels.

The drift coefficients for tanker 1 come from
the three dimensional diffraction program
AQWA-LINE and the results for tanker 2 are from
model tests reported by Huanqiu and Maoxiang
{reference 7). The particulars of the two ves-
sels are given in Table 1. The dimensions from
tanker 2 were scaled using Froude scaling to be
as close to the vessel tested by OTC as
possible., As neither of the vessels are
exactly the same as that tested by OTC the
results can only be used qualitatively to
determine of the results obtained are of the
correct order of magnitude and of the correct
general form.

Results

Comparisons of Figures 7-9 show the affect
of sample length on the results, as is shown
the results are in fair agreement helow 0.09Hz
and show differences ahove this. Until the
error function is imnlemented it is not possi-
ble to accurately determine the affect nf sam-
ple length on the second order transfer
function. To determine if these results com-
pared with other experimental data the quad-
ratic transfer function for a loading condition
similar to that of reference 7 was determined.
Figure 10 shows this comparison. A similar com-
parison is made with numerical predictions in
Figure 11. In both these comparisons the tank-
ers were not identical but were sufficiently
close to compare the magnitude of the results.
In both cases there is fair agreewent in the
relative magnitude of the results but to make
any further comparisons would require close
agreement hetween the physical characteristics
of the tankers used.

Computation

A1l the computer programs used by 0TC are
written in FORTRAN 77 with the exception of the
Fast Fourier Transform and Inverse Fast Fourier
Transform subroutines which are MACRN 11 which
is Digital Equipment Corporation's assembler
languaqge for the PDP 11 series of computers.
A1l the routines were run on a °DP-11/44 com-
puter running the multi-tasking and multi-user
operating system RSX-11M V4.0. The high effi-
ciency of the FFT algorithm allows the computer
to analyse the results and deliver the graphi-
cal output for a test with 16384 data points in
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under one minute for the first order analysis
and under three minutes for the second order
analysis. The calculations take less time than
this as much of this time is taken up by the
plotting routines that are sent to a Tektronix
4052 for plotting.

Conclusions

From the results presented here it is
apparent that it is now possible to quickly and
efficiently obtain the second order transfer
functions of moored vessels in an efficient
manner using small mini computers for data ana-
lysis. It is necessary though to conduct Vong
experiments to obtain sufficient data to have
reasonable confidence in the results. To fully
utilize this technique it is necessary to
implement the error function estimate developed
by Bendat and Piersol (reference 6) before this
technique can enter regular use. From the com-
parisons done with other model test data and
numerical models the technique shows a great
deal of promise. To fully determine the value
of this technique further work should include
comparisons with numerical models such as AQWA
to investigate any problems with either the
numerical methods or .ha experimental tech-
niques.
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ITEM OTC Tanker  OTC Tanker
100% (oaded 85% Loaded
Length (feet) 1026.0 1026.0
Beam (feet) 161.6 161.6
Draft (feet) 62.0 $3.0
B/d 26 30
L/B 6.3 63
Displacement 235398.0 200565.0
(Tong tons)
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OTC Tanker AQWA Reference 7
40% Loaded 40% Loaded 100% Loaded
1026.0 10020 964.2
161.6 148.4 152.8

28.0 297 64.8

S8 S0 24

6.3 68 6.3
96200.0 101348.0 250986.0

TABLE 1 - YESSEL PARTICULARS

102

WO T TN YT T e e




10000, ACTUAL ¢ ——) THEQRET ICAL(-- - - - - ALNA
HSIG 49.1C1 FEET

7090 FILTERED AT  0.035 HZ.
H3I-H 49.465 FEET
HSIG-L. 4.84) FEET

8000.

MD Q.154E+03 FEET 102

M 0.9642€+01 FEET ma2/S
7000.0 M2 O 70SE+00 FEEY  sn2/Send
M3 O.LEE-0! FEET ax2/San]
M4 D.IBOE-02 FEET RI2/5114

6000 HMO/ML 16 05 €L
SRTMOM) 1480 SEC
8000 Aa PEAK PERIO0 2126 SEC
}‘l\ EPSEON D.T?
| . PTS. USEDl  40%
+000. L34 STARY THE - 000 SECS
. SECS ANALYZED - 240494
3000 ; SAMPLED AT 1648 HZ.
G, FOOTHED 1 POINTS
\ BANDMIDOTH  0.0124B HZ

2000.

1000.0 \\ .

SO

a.
B ) 002 0.04 006 VI <] 010D 0120 034D 0160 01BO 0200
FREQUENCY  IHERTZ?

FIGURE 1 - WAVE POWER SPECTRAL DENSITY

SPECTRAL CENS)TY ((FEET)*' - SEC)

0.16E+0 ACHA

HSIG 608.748 KIFS

0.70€ :0] FILTERED A1  0.035 HZ.
HBIG-H 200 27 KIPS
HSIG-L 574.80 KIPS

g oo MO 0.2D6.05 KIPS a2
M 0.196E-03 KIPS 112/S
' 0.70E M2 0679401 KIP9  332/8222
% M3 0.365E+00 KIPS  %82/588)
M D 254E-Q1 KIPS 3R:2/31%4
gosoe-e MO 1B 04 SEC
= SCRTMOMR) S8.39 =L
> 0 GQE +O PEAK PERIDO 330.03 3EC
'a' EPSILON 0.9¢
ﬁ" e PTS. UKD 16384
STARY TIME - 0 00 SECS
J CELCS ANALYZED - 9919 I8
Eo:a&:- SAMPLED AT 1648 W2,
O MO0 THED 31 POINTS
W BANDUIDTH  0.00312 HZ
% 0 .20E 0]
0.10E-0

a.
% 8 002 0.04 006 008 0100 01320 0140 0160 0180 0200
FREQUENCY  IHERTZ)

FIGURE 2 - MOORING FORCE POWER SPECTRAL DENSITY

ey

4

e e B A AN



]

(OEGREE PER FEET

7/ NAVCO

PITOH

QEQREE

FIOLETT ADYA  START TOE 0.40 SECS -- SEC9 ANALYZED 9939.78 -- PONT USEJ 16384
o 200 TUOTHING - 3t PONTS -
';“ B S Al SRR b S
o mo .’ ™, — ioe
/ L V) .
"W / M K} .’JI\
5 \ I iy U] -
0 140 2yl Y.! .y 2200 !
!‘I J"." v [ ! H
i Y h ' W,
0 140 J f M f 30.0
’ w
[ f"’ E &
0120 : /4 4Q.0 2
g T B
0 .100 : \ S0.0 é
i |/ "\ z
9.08 .: —— 40.0 £
]
I [ \J‘.mhw] W
0.06 & 0.0 &
™ V\ B
a.0¢ i - 80.0
¥ \
]
.02 MA_— 90,0
"W
%% o3 De 06 805 o007 G408 009 01 oo o580
WAVCG FREGUENCY (HERTZ)
FIGURE 3 - PITCH RESPONSE AMPLITUDE OPERATOR
FROKETT AA _ START TRE 040 SCS -- SE(Y ANALYZED 9939.78 -- FONNTS UEEQ 16384
180.0 (TITHNE - 31 POINTS
150.0 \\1
120.0 \
%00

60.0 L—

300

a.0

],
\
\W

-380

-60.0

~120.0]

LA

- 160.0

1° ~

- 188.&

0.03 0.04

AR 006

007

Q08

FREQUENCY (HERTZ)
FIGURE 4 - PITCH PHASE ANGLE

104

o009

010

0110

0120

ey




- ———— - TR— v —— ——y —~——— T ———
& v N ’ . B A m-oamee og ool -

T
\

1476' Jepth System, Anchor
Points 2.0° Below W.L.

Bucy and Riser

O*WAVES

. A1)l dimensions are in feet,
model scale

I~

FIGURE 5 LAYOUT OF MOORING SYSTEM

105

————

Py -

Y6 S, gepany




——

E

0.6QF - o &

URFOR / WAVOD (K(PS PER FEET »121

© THEORETICAL SOOMED - | P18

> T ey

0.0 = M\\

00 0.020 Q0% 0060 D.0BO 00 0.2 044 048 019 920
FREQUENCY  (HERTZ)

FIGURE & - WAVE AUTO - COYARIANCE FOR PIERSON MOSKOWITZ SPECTRUM

ROOTHED {INPUTY 1S POINTS IRESPONSE | | POINTS -- RCTPONSE AT 0.0040 HERTZ
MOELT ADMA _ TIART TOE 040 TCS -- FECY ANALYZED 99Y9.6- - ’f‘!‘ POINTS (BEO

B0 O

LI

iS.0

10.9

M

0‘8 9 002 0 04 0.06 638 0100 (120 0.140 O016ed 0300 0200
WAVCG FREQUENCY (HERTZ)
FIGURE 7 - QUADRATIC TRANSFER FUNCTION FOR COMPLETE TEST
85% LOADED CONDITION

106




La _ama ——y

AURFOR / WAVOD (KIP9 PER FEET 3122

AIRFOR / WAVID (KIPS PER FEET 212!

smmcn IRPUTY 1S PONTS IRETPONSE! | POINTS .- RETPONSE AT 0.8000 WERTZ
snonnm TIAGT TOC 068 SKCS -- KO8 ANALYZID 4469 89 - 3192 AOWNTS UKD

46.0

40D

30

2.0

20.0

/
A

WY

S.00 N

085 oz 5+ oos W0G 0100 0120 OO 0T TH O 200
WAVCG FREQUENCY (HERTZ)

FIGURE 8 - QUADRATIC TRANSFER FUNCTION FOR FIRST 1.5 HOURS
853 LOADED CONDITION

SMITHED | INPUT) 1S POINTS IRESPONSE| | PDINTS -- RESIONSE AT 0,000 HERTZ
MOKTT ADA  START TOE 498020 SCCS -- %CS ANMLYZED 4969 990192 FOINTS USED

60.0

+E.0

400D

20.0

15.0 h'j

10.0

S.00

e

%R0 0oz oo+ ook G068 6100 0126 G WG 610 0IE0 5200
WAVCG FREQUENCY (HERTZ)
FIGURE 9 - QUADRATIC TRANSFER FUNCTION FOR LAST 1.5 HOURS
85% LOADED CONDITION

107



- - - g ~ vy, — gty

hae SRS NI

PP W G

QURFOR s WAVOD (KIPS PER FEET »122)

QIRFOR 7/ WAVED (KIPS PER FEET 1121

o TOETT AW

460

400

20.0
15.0
0.9

S.00

3

B0 0O

SAIOTILD | NPUT) 1S PONNTS IRCHPOMSC | | PONNTS -- QUEFONSC AT 0.8848 HERTZ
HAQY TOE 068 BCiB -- BEON AMALTZLD 4N - S s

O EXPERIMENTAL RESULTS
FROM REFERENCE 7

> -

o) o djlo
Jul

V 9]

MAELT AVA

a 002 [ ) 0.0b 808 0100 Q120 01140 01360 0100 0200
WAVCG FREQUENCY (HERTZ)

FIGURE 10 - QUADRATIC TRANSFER FUNCTION 1.5 HOUR TEST
100% LOADED

SAOOTHED |INRUTY 1S PONTS IREFPONSE! | PDINTS -- ROSPONIE AT 0.0040 HERTZ
IART TOE 040 TECS -- ECT AN YZCD 4969 8% - 0192 HIINTS D

48.0

© NUMERICAL PREDICTIONS

40D

FROM PROGRAM AQWA-LINE

20.0

15.0

10.0

A

ﬂgﬁbﬁjvg ¢ 00|o

o.%“

002 D00+ 006 000 0100 0120 0140 0160 0190 0200
WAVCG FREQUENCY (HERTZ)

FIGURE 11 - QUADRATIC TRANSFER FUNCTION FOR 1.5 HOUR TEST
40% LOADED CONDITION

108




D Samen s

SESSION 111
RESISTANCE AND FLOW

TECHNICAL COMMITTEE MEMBERS

Edwin P. Rood, Chairman DTNSRDC

Edward M. Lewandowski Stevens Inst,

Robert A. Kowalyshyn Tracor Hydronautics

John R. Hill J.S. Naval Academy

Frederick H. Ashcroft Univ. of Michigan

John C. Kuhn Offshore Technology Corp.
109




The three years since the last ATTC have
been relatively quiet with respect to signifi-
cant and major breakthroughs in the measurement
and prediction of model and full scale resis-
tance and flow. A notable exception is the
intense, well-funded experimental test and eva-
luation work in support of competitive yacht
design, especially for the 12-meter America's
Cup contenders. Although it is known that the
work has provided significant understanding of
the consequences of complex hull geometry, and
of the required gquality control in measurements
to effect reliable data, it is unlikely that
the obtained information, regarded as
proprietary for the indefinite future, will be
available for open scrutiny.

This Committee notes that at least one
comprehensive report was published to document
comparisons of ship resistance obtained by cal-
culation and by measurement. The report, by
Shahshahan and Landweber (1986), describes
measurements of total! resistance, viscous
resistance, pressure distribution, and
boundary-layer velocities for the Wigley hull.
The calculations of wave resistanre were per-
formed with and without the boundary layer and
the wake. The authors point out that the data
form the first complete set for the Wigley hull
at zero trim and sinkage. It was observed that
measured and calculated results show good
agreement except at the stern, and that the
inclusion of viscous effects made a marked
improvement in the calculations.

That the past three years have not wit-
nessed notable published towing tank studies
such as systematic design variations or exten-
sive comparison of analytic/experimental
results is reflected in the paper contributions
to this Committee for presentation at the ATTC.
This Committee is, however, encouraged by the
implied content of the papers and by the knowil-
edge of work underway at the various towing
tanks. The state of things is that towing
tankery appears to be in an evolutionary period
when new techniques, recently developed, are
being applied to production measurements. It

REPORT OF THE RESISTANCE AND FLOW COMMITTEE
7O THE 21ST AMERICAN TOWING TANK CONFERENCE

Edwin P. Rood
Special Systems Branch

David Taylor Naval Ship R&D Center
Bethesda, Maryland, 20084-5000

is anticipated that these methods will uncover
the detailed flow around marine bodies, and the
consequent effects on resistance, especially
with respect to waves and wave production, that
is required to close the gap between towing tank
predictions and full scale observations.

This report focuses on technology develop-
ment applied to systematic measurements at each
of several of the leading towing tanks. It is
anticipated by this Committee that the 22nd ATTC
will be abundant with papers exposing new
details of resistance and flow obtained as
resuits of the current work.

UNIVERSITY OF MICHIGAN

The years 1983 - 1986 have marked a period
of great change for the University of Michigan
Ship Hydrodynamics Laboratory. The Laboratory
is (by force of available funding as well as de-
sire) moving from traditional areas of research
and on standard type vessels (barges, tankers,
etc.) into much more fundamental research. At
the same time the tank facilities are undergoing
extensive renovation.

In the area of flow, the Laboratory has
been mainly concerned with methods of flow visu-
alization in the global sense (flow over the
entire body) rather than localized flow mapping
and quantifying.

To assist in the observation of flow, it
has acquired (in 1983) a Hydro Products Model
TC-181 underwater video camera. This unit has
remote control for focus, color balance, and the
six-to-one macro/zoom iens. This unit was
installed in a dedicated pod mount with side
mounted lightinc. and remote control for both pan
and tilt. It can be mounted on the towing car-
riage for continuous underwater observation dur-
ing a test run, and has been on-line since the
Fall of 1983.

The normal {(and still preferred) method of
observing hull flow uses yarn tufts as indica-
tors, but in 1984 an effort was made to develop
methods for indicating surface flow with oi)
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smears. It was found that the oil smear indi-
cator was considerably messier than yarn tufts
and also harder to document because it does not
photograph well. There was also an attendant
problem of 0il slicks in the model basin that
was not overcome. Although a good method for
using 0il smears as flow indicators was deve-
loped, technical reservations about the indi-
cated flow persist because the oil dots are on
the hull, deep in the boundary layer, and do
not always indicate areas of possible flow
problems in regions of moderate separation.

In 1985, coincident with the arrival of
Terry Brockett as an Associate Professor in our
Department, the Laboratory began experimenting
with the use of fluorescent dyes as flow indi-
cators on the surface of propeller blades.

This technique is still under development, and
a paper on progress to date is presented in the
Resistance and Flow session.

The latest flow-measuring challenge is the
use of lasers to define and analyze (quantita-
tively) the surface wake behind ship forms.
This process is new to us and the techniques
using off-the-shelf technology are being deve-
loped. By the 22nd ATTC, a report on both the
technigue and the results of our experiments
should be available.

Progress has also been made on the resis-
tance front. Although nothing has happened to
smooth water tests, the Laboratory has been
active in improving its ability to test models
in waves. Over the past eighteen months a
three degree of freedom dynamometer capable of
handling models up to 6 meters in length has
been designed and constructed for the Labora-
tory. This device allows the model to be free
in heave and pitch, while applying a predefi-
ned, constant surge restraining force. The
model can thus be towed with a constant force
while surging under the carriage as it is
influenced by wave action. This allows the
performance of tests in waves (both resistance
and propulsion)} without the restraining spring
of a rigid dynamometer set-up and will signifi-
cantly improve the quality of powering predic-
tions in waves.

Acceptance trials were run on the three
degree of freedom dynamometer during the months
of May and June of this year. The device per-
forms well although it does need some refine-

ment to make it more user friendly. From these

trials it appears that new techniques will be
required to make the most of this new equip-
ment.

A1l in all, this has been an exciting
three years for the Ship Hydromechanics
Laboratory and the staff is looking forward to
the next three years of improvement.

DAVID TAYLOR NAVAL SHIP R&D CENTER
Several new or improved design concepts

have been tested in the towing tanks at
DTNSRDC. Perhaps the most significant of these

evaluations in terms of understanding results
and predicting full scale performance for com-
plex flows are for racing yacht design.
Unfortunately those data are proprietary and the
specific results are apparently not available
for the foreseeable future. On the other hand, a
considerable effort has been expended on evalua-
tion of small waterplane area twin hull (SWATH)
designs. Another design concept is the attach-
ment of riblet material to the wetter surface of
Clympic rowing shells. A short description of
each of the above projects follows.

Yacht Design: Measurements have been made
in the deep-water towing basin at DTNSRDC
of the drag and side forces and yawing
moments on models of sailing yachts. The
models represented 12-meter yachts to a
scale of 1:3. The towing apparatus con-
sisted of 2 sets of force gages that could
be preset at systematic variations in yaw
angle. The models were also heeled system-
atically so that a matrix of force and
moment data as functions of speed, heel,
and yaw were aobtained for each con-
figuration. The measurements were made for
five hull configurations including various
afterbody and forebody combinations. In
addition, several keel shapes were tested
with three hull shapes. The data was used
in parametric computer analyses of all
points of sailing as decisions were made
for the final geometry to build full scale.

SWATH: Seventeen SWATH models have now
been tested either at or for DTNSRDC.
Since it takes approximately twelve major
hull form parameters to describe the form
of a3 SWATH ship, this data base is small.
Fortunately the thin-ship theory of wave
making resistance applies, and there are
codes by Chapman (1974) and Lin and Day
(1974) that are sufficient analytic tools
for early stage design. A comprehensive
description of SWATH design considerations
was published by Gore (1985). That paper
indicates that information obtained from
wake surveys is sorely missing, and that
the absence of correlation model dats ren-
ders the uncertainty in current allowances
to be as much as 100 percent. Clearly
there is much additional research needed
for SWATH designs. The development state
for SWATH is dependent on an evaluation of
design propellers sufficiently positive ¢o
validate preliminary designs.

Shell RitJets: As part of a program
described in Eilers et al. (1985) to apply
riblet tape to rowing shells for the 1984
Olympics, an experiment was conducted to
measure the drag reduction capabilities of
riblet tape that had been developed by the
3M Corporation. Riblets are longitudinal
surface groves that have been shownh by
Walsh (1982) and Walsh and Lindemann (1984)
to give a turbulent flow skin friction
coefficient reduction in air of about 8
percent for optimum riblet geometry. A
single rowing shell was borrowed from the




potomac Boat Club, the outrigger oar-lock
supports were removed, and the whell was
ballasted with weight to represent a 180
1b person. The drag reduction was
inferred by measuring the total drag with
and without riblet tape applied to the
hull. Preliminary analysis of the data
indicate the following: The first and
last sets of tests that were made without
riblet tape repeated to within about 1
percent at maximum velocity. Measured
total drag reduction of up to about 10
percent were recorded at the maximum velo-
city during the second set of data and the
amount of reduction decreased thereafter
during the subsequent three days of test-
ing. Under corresponding conditions, the
drag of the shell with tape never appeared
to exceed the drag of the shell without
tape. Possible causes for the loss of
drag reduction during testing might be
mechanical changes to the riblet surface,
biofouling, loss of bubble adhesion,
change in transition location, and surface
chemistry changes. Further testing and
analysis is anticipated to settle these
questions.

There are some nontraditional uses for the
towing tank in the near future. One example is
the towing on Carriage II of a 6-ft diameter
model of a submarine bow to be used to simulate
three-dimensional torpedo launch hydrodynamics.
This platform is expected to be available by
the end of 1987.

Several new measurement techniques are
currently being applied to extensive model eva-
luations. These include stereophotographic and
laser beam measurement of surface wake details,
and LDV measurements of viscous wakes and of
propulsor effective wakes. Brief explanations
of the techniques are given below; it is antic-
ipated that detailed ship evaluation reports
will be available by the 22nd ATTC.

Stereophotography: A stereophotogram-
metric range has been instalied in

DTNSRDC's model towing basin, Carriage 1.
Two 2.25-inch format metric cameras are
mounted on the ceiling and spaced 30 feet
apart along the longitudinal axis. Models
are mounted behind the towing carriage
beneath a slender girder to afford an
unobstructed view of the near field Kelvin
wake. Paper ships (computer card
punchings) are distributed on the water to
define the free surface in each photo-
graphic pair. The Naval Oceanographic
Service (NOS) is semiautomatically digit-
izing the images to drovide surface eleva-
tions with an accuracy of about 0.05 inch
over an area 30 feet long by 20 feet wide.
The Kelvin wakes of several ship models
have been imaged and are presently being
processed by NOS. The results will even-
tually be published. One shortcoming of
the present method of seeding the water
surface with paper chips is that the
region of the ship model's viscous wake

eam A
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tends to be swept clear of chips by pas-
sage of the model; hence, surface eleva-
tions are not obtained in the wake along
the ship centerliine.

Wave Slope Meter: A new, non-intrusive
instrument for measuring ship model Kelvin
wake characteristics has been installed in
DTNSRDC's model towing basin, adjacent to
the stereophotogrammetric range, Carriage
1. A low power helium-neon (5 mW power)
laser is located on the floor of the towing
tank. Its light beam is passed through the
surface and is projected as a spot on the
ceiling of the building. The spot moves in
response to perturbations of the surface
slope, e.g., the Kelvin wake of a passing
ship model. A video image processing sys-
tem tracks the spot and generates analog
signals linearly proportional to the local
wave slope in two orthogonal coordinates.
Frequency response of the system is higher
than for traditional capacitance wire wave
height probes, and wavelengths are resolved
to 0.05 feet (10 Hertz). Software is pres-
ently being developed to analyze the meas-
ured two-dimensional wave-slope spectra,
already obtained for several models and
witn ray tracing to reconstruct the distri-
bution of the Kelvin wake virtual origins.
The results will be presented in a forth-
coming report.

Laser Doppler Velocimeter - Surface Ship
Viscous Wake: The DTNSRDC strut-mounted
3-component LDV system has been described
previously by Fry and Kim (1984). An
extensive data base has been developed for
three-dimensional flows in the wake of a
typical high speed naval combatant, Model
5415. Mean flow and turbulence components
have been measured in planes 6, 10, 16, 22,
and 30 feet behind the 19-foot long model.
Parameter variations include speed (20 and
30 knots, full scale) and propulsion (none,
inward rotation and outward rotation).
Details of the flow into the propeller
plane have also been studied. Some of the
more interesting aspects of the test
results are changes of distribution in the
developing turbulent wake for changed
direction of propeller rotation and the
presence of near surface velocity deficit
regions arising from breaking (Kelvin)
waves. Data from the 10-foot plane has
been forwarded to the Naval Research

Laboratory (NRL) to initialize their numeri-

cal model in order to predict the wake
development downstream, free of any
"optimization" of coefficients, to compare
with the empirical data base. Reports doc-
umenting results are in preparation.

Laser Doppler Velocimeter - Submarine
Effective Wake: DTNSRDC has made strides
to incorporate the latest fiber optic tech-
nology in its Laser Doppler Velocimetry
(LDV) measurement systems. Fiber optic
1inks can conduct the laser beams to remote
locations and deliver the beams to the

- —-—
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measurement point with a small “probe"
weighing ounces. This contrasts with
other implemented systems that use rigid
optical platforms carrying a laser and
large optics (together weighing hundreds
of pounds). The instrumentation is
already operating and has been matched
with a measurement point traverse system.
The entire unit is mounted in a small por-
tion of a model ship hull and measures the
flow about that hull. A specific applica-
tion is underway to measure the inflow to
a model submarine propulsor. The traverse
system is mounted inside the model and the
measurement point remotely varied circum-
ferentially and radially to map the effec-
tive wake. While not the fluid velocity
measurement answer in all cases, this
instrumentation holds the promise of open-
ing a whole new range of applications for
the LDV technique.

As the performance requirements of ships
and submarines become more stringent, there is
a commensurate need to provide test and
evaluation quality control sufficient to main-
tain measurement uncertainty within prescribed
bounds. Special emphasis is being placed on
implementation of measurement uncertainty pro-
cedures to ensure economically feasible and
scientifically valid model tests. This renewed
emphasis is in concert with guidelines being
developed by ASME and is cooperation with other
members of the ITTC. Although the concept of
measurement error quantification is not new,
the standardization of error definition and the
description of "precision” and "bias" error are
important steps toward a common naval architec-
ture language.

The procedures to scale from towing tank
data to predicted full scale performance are
being improved. Indirect methods for drag
characterization of rough surfaces are discussed
in a paper by P.S. Granville, to follow in this
Conference. A systematic analytic/experimental
study of the proper manner to trip the fliow on
small appendages to duplicate, or at least to
allow prediction of full scale results, is cur-
rently underway at DTNSRDC. The study will
focus on appendage moments as well as forces.
Accurate prediction of center of pressure is
most important in submarine control surface
design where powering for the controls is lim-
ited to size/weight. And, finally, an experi-
ment is being prepared for the NASA National
Transonic Facility to obtain boundary layer and
resistance measurements on a flat plate with
the flow at a Reynolds number of 10°. This
data will extend the current data base by two
orders of magnitude, and will be useful for
scaling resistance from model to full scale for
large ships.

The development of numerical codes to
fully exploit towing tank measurements involv-
ing ship wavemaking continued. The codes
include both high order panel methods as well
as sophisticated integral representations
suitable for far field predictions. The intent
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is to use towing tank measurements first to vali-
date the codes and second to provide input to
the code that will, in turn, permit accurate
evaluation of wavemaking resistance. Some of

the work in this area is presented in a follow-
ing paper by F. Noblesse.

OFFSHORE TECHNOLOGY CORPORATION

The offshore Technology Corporation (OTC)
in Escondido, California, has been active in a
great variety of types of tank testing
throughout its 18 year history. While most of
this work has been associated with the offshcre
oil industry and related fields, the Company has
also been involved in many other areas of tank
testing, including resistance and flow analyses.
During the past few years OTC's participation in
ship and yacht model testing has grown con-
siderably, and with this growth there has been a
steady development of associated equipment
including dynamometers, flow measurement devi-
ces, and flow visualization apparatus. During
the past year alone, for example, OTC has done
over one million dollars worth of yacht testing
for six syndicates in pursuit of the American's
Cup.

Concerning flow measurement OTC has
recently developed wake survey abilities with
the addition of spherical, five hole pitot
tubes. ODuring the past year, these pitot tubes
have been used to assist the United States Coast
Guard in the development of a new icebreaker.
There has also been interest lately in mapping
pressure distribution over hulls and lifting
surfaces, particularly concerning 12 meter
testing. To this end, OTC has used arrays of
flush-mounted pressure transducers to provide
the needed information.

In addition to measuring flows, there has
also been considerable activity in the area of
flow visualization. One technique that has been
very successful is the ejection of a very basic
solution into the boundary layer of flow adja-
cent to a model that is painted with paint con-
taining phenolphtalein. Large udders containing
the basic compound (mounted above the model on
the towing truss) feed ports in the side of the
model as the model passes high speed underwater
cameras. By introducing the basic solution to
the flow adjacent to the paint containing phe-
nolphthalein, the flow turns purple, thereby
making the downstream flow characteristics
visible. Tufted flow visualization has also
been used from time to time, particularly for
forebody flow visualization and flow visualiza-
tion in propeller regions. For example, the use
of small tufts on horned rudders recently
revealed the importance of minimizing the gap
between the rudder and the horn, as it was wit-
nessed that the tufts were being "sucked”
through this gap, decreasing both the effective-
ness of the rudder as a lifting surface and the
propulsive efficiency of the vessel.

Concerning resistance testing, OTC has
developed several different types of dynamome-
ters over the past couple of years. To accom-




modate the extensive amount of yacht testing
that has been done during the past year or so,
a yacht dynamometer capable of handling one-
third scale 12 meters has been developed, and
the towing truss in the deep Water Towing and
Seakeeping Basin has been rebuilt (of 0TC's
three physical modeling laborateries, the Deep
Water Towing and Seakeeping Basin is usually
used for resistance and flow studies). There
have have also been several SWATH test programs
of late, and a SWATH dynamometer has been deve-
loped for these applications. In addition, a
heavy duty ship dynamometer has been developed
for both resistance and propulsion testing and
captive maneuvering testing.

Recent involvement with a new and somewhat
revolutionary planing hull design for use in
ferrying people to and from Catalina Island
(off Los Angeles) has led to the current deve-
lopment of a planing hull dynamometer. In
addition to the aforementioned "towing" dynamo-
meters, OTC has also developed a torque and
thrust dynamometer for use in propulsion
experiments.

Indeed, the past few years have been very
busy ones for OTC concerning resistance and
flow analysis. In some ways the developments
made during these years represent new areas for
GTC. 1In other ways they have simply been new
applications of the same technology that has
been used for years to evaluate the performance
and feasibility of various offshore structures
and vehicles. At any rate, the development is
far from complete, and what has already been
done remains to be refined further.
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THREE INDIRECT METHODS FOR THE DRAG CHARACTERIZATION
OF ARBITRARILY ROUGH SURFACES ON FLAT PLATES

Paul S.

Granville

David Taylor Naval Ship R&D Center
Code 1540.2
Bethesda, MD 20084-5000

ABSTRACT

Three indirect methods for character-
izing the drag of an arbitrarily rough surface
surface on a flat plate are derived or
rederived from the similarity laws of tur-
bulent shear flows. These are: (1) the
well-known procedure using displacement
thickness; (2) the probably not so well-known
procedure using total drag and; (3) a proposed
procedure using only the free-stream velocity
and a local shear stress. The classical
indirect procedure for pipe flow is also
derived to show a commonality with the flat-
plate methods.

NOTATION

A

o

Slope of logarithmic velocity Iaw,Eq.(a)
Constant in Eq. (49)

a Constant {n Eq. (55)

B Intercept of logarithmic velocity law
By 4 Value for By for smooth surfaces

B, Derivative of B,, B = o= Ala

B; Outer-law interclzept, Eq.‘ tnl.‘S) alnit)

B, Intercept of logarithmic velocity law in

" relative-roughness mode, Eq. (5)

By Value of B, for fully rough regime

¥ Constant in Eq. (49)

b Constant in Eq. (55)

Cp Coefficlent of total drag, Eq. (33)

ce Coefficient of local skin friction,
cg=21,/oU2

D Total drag

4 Fanning friction factor for pipe flow,
Eq.(63)

Ill

U, Outer-law integrals, Eqs. (12),(13),(14)

I3

k Primary roughness length scale

:;:..Other roughness length scales

k*  Roughness Reynolds number, K o= uk/v

L Length of flat plate

q Wake modification function, Eq. (20)

Rp  Pipe Reynolds number, Rp = 2Vr/v

R;,  Length Reynolds number, R; = UL/v
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Rg* Displacement thickness Reynolds number,
Rg* = US*/v
T Inner radius of pipe
T Texture of roughness, T = X, k—‘,---
U Free-stream velocity . ks
u Streamwise velocity in shear layer
u, Shear velocity, u; = yi,/p
\ Average velocity in pipe, Eq. (58)
w Wake function, Eq. (19)
x Distance from leading edge of flat plate
y Normal distance from wall
*
y Nondimensional y, y = uqy/v
AB Drag characterization
§ Thickness of boundary layer
n Nondimensional §, n = u,3/v
€] Momentum thickness
v Kinematic viscosity of fluid
[ Density of fluid
o Shear-stress coefficient, o = U/u,
Tw Wall shear stress
SUBSCRIPTS
L Conditions at tralling edge of flat plate
r Rough condition
s Smooth condition
1. INTRODUCTION

The similarity laws of turbulent shear
flows provide a drag characterization for any
specified arbitrarily rough surface; regular
or {irregular in its geometry. Once known, the
characterization may be then used to determine
the drag of any body configuration covered
with the specified r0u¥hness by means of a
boundary-layer method. Such a drag charac-
terfzation may be obtalned experimentally by
probing the velocity profile of the logarith-
mic similarity law close to the specified
rough wall in a flow facility. This procedure
may be termed the direct method,

However, it may be simpler or more con-
venient to apply an indirect determination
which involves more readily attainable and



usually less costly measurements. The first
reported indirect method may be attributed to
Nikuradse? who used an indirect as well as a
direct method in analyzing his classical pipe
experiments on sand-grain roughness. Both the
indirect and direct methods showed excellent
agreement. This indirect determination used
an average pipe velocity instead of a measured
velocity profile required for the direct
method. The value of the average velocity was
easily attained from the rate of mass flow
through the pipe.

Later on, indirect methods were devised
for rough surfaces on flat plates (in zero
longitudinal pressure gradients). The most
prominent seems to be that of Hama® who used
the wall shear stress and the displacement
thickness of the whole velocity profile at a
station instead of the velocity close to the
wall to determine the characterization.
Another innovation by Hama was to use measured
values for the smooth surface which were
appropriately subtracted from measured values
for the rough surface, This procedure tended
to minimize experimental errvors due to the
flow facility.

Another indirect method4, which may not
be too well known, involves measurement of the
total drag and the speed of a towed rough flat
plate in a basin or the total drag of a flat
plate immersed in a uniform flow of a given
velucity. The wall shear stress at the
trailing edge is related to the total drag by
a boundary layer similarity-law analysis.

More recently, experiments by Karlsson?
using a floating element to measure the shear
stress at a station on a rough flat plate in a
uniform flow of given velocity seem to indi-
cate the necessity of another {ndirect method.
Most of the experiments involved no survey of
the velocity within the boundary layer. An
appropriate indirect method is now proposed
which will be developed further on.

There is an alternate indirect method for
rough sutrfaces, using rotating disks® instead
of flat plates, which has already been ade-
quately presented,

As a start, the elements of the simi-
larity laws for rough surfaces are stated.
Then all three {ndirect methods for flat pla-
tes are derived in a similar manner in order
to show the common basis for the methods. It
is emphasized that the characterization for
the specified rough surface Is obtained by
comparison with appropriate measurements for a
smooth surface in the same facility in order
to minimize possible experimental error. It
is not the purpose of this paper to investi-
gate the relative merits of the various
methods. These may involve noan-~hydrodynamic
considerations such as availability of facili-
ties, personnel, funding, et cetera.

2. VELOCLITY SIMILARITY LAWS

2.1 Inner Law or Law of the Wall

In the close proximity of an arbitrarily
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rough surface defined by a sufficient number
of length factors, k, ki, k2' ... the inner
similarity law or law of the wall for tur-
bulent shear flows may be stated in the
Reynolds-number mode as

e =f [*f»k‘.’\'l (1

or in the relative-roughness mode as
u o - f\ Ny e } (2)
L [w T

Here y*wu y/v,k*=u k/v (roughness Reynolds
number), u, = Y1,/p (shear velocity) and

T = k/ky, kl/kZ"" (roughness texture).

Also, u 1s the stream-wise mean-velocity com-
ponent, T, is the wall shear stress, p is the
fluid density, v Is the fluid kinematic visco-
sity and y 1is the normal distance away from
the rough wall (the zero position of y for u=0
may vary slightly with roughness geometry).

2.2 Outer Law or Velocity-Defect Law

For the outer part of the turbulent shear
layer, the similarity law is stated as a velo-
city defect which is solely a function of rela-
tive position

——Uu‘: =f \-}—\ (3

Here U is the streamwise velocity at the outer
edge of a shear layer of thickness 5. The
outer law has been experimentally shown to be
independent of roughness. There is, however,
an indirect dependence on roughness through
shear velocity u, which varies with roughness.
It should be noted that the outer law will vary
at the low Reynolds number following transition
from laminar to turbulent flow for either
smooth or rough surfaces.

2.3 Logarithmic Velocity Laws and Roughness
Characterizations

If the inner and outer laws are considered
aplicable in a common overlapping reglon, it is
easy to show that the analytical consequences
are logarithmic relatlonships.

For the inner law in the Reynolds-number mode

“m = Alny + BT )

or in the relative-roughness mode as
u

o= A e BT (5)

Up

B; and B, are related by

8, =8, +Alnk (6)

For the usual roughness regimes (1)
hydraulically smooth: B; = constant = B1,s,
(2) intermediate roughness: B; and B_ both _
vary with ¥* and T, (3) fully rough: B, = B
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*
is constant with respect to k and is only a
function of T.
* *

Either B[(k™, T] or B,{k”,T} may be termed
a similarity~law roughness drag charac-
terization. Another form of B; arises when the
value for a smooth surface Bl,s is subtracted
to give

A8 T} =81} -8,

AB as defined is always negative in value for
rough surfaces. Nikuradse used the B, charac-
terization while Hama preferred the AB
(actually -AB) characterization although with a
different notation.

The outer law in turn develops a logarith-
mic relation in the overlapping region:

U-uw Y
v A\n8 + B, (8)

By, is a velocity-defect factor which does not
vary with roughness but does vary with strean-
wise pressure gradient. 32/2A is sometimes
called the Coles Wake Factor and given a sym-
bol. It should be noted that B, also varies at
the low Reynolds number following transition
from lamipar to turbulent flow for either
smooth or rough surfaces.

A direct similarity-law drag charac-
terization of a roughness with given texture T
requires the determination of B), B, or AB as
a function of roughness Reynolds number k* from
measurements of wall shear rtress 71, and velo-
city u in the reglon where the logarithm[c
inner law holds, i.e. Equation (4) or (5).

For a thin shear layer thils may not be very
feasible. Hence an indirect method may be more
practical,

2.4 Logarithmic Laws of Friction

The addition of the overlapping inner
logarithmic relation, Equation (4) or (5), to
the outer logarithmic relation, Equation (8),
results {n the logarithmic law of friction
which in the Reynolds-number mode is

=Ajn0+3&aﬂ«31 (10)

§ =

where W= ug §/v

and in the relative-roughness mode is

Cr AL BT v

The quantity o is a convenient local coef-
ficient of skin friction given from the
definitions by o = (1,/pu2)~V2

The logarithmic laws of friction will be
shown to be the basis of indirect roughness

drag character{zations.

3. EVALUATION OF OUTER-LAW INTEGRALS

Subsequent analyses require the evalua-
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tion of outer-law integrals I}, I, and Iy

where
L[ w
! 2
I, = , (—%) d(ljé_) (13)
and

Y
2\ as
+(%)

I,, Iy, and I3, are constants if the outer law
is considered a function of only y/§ right up
to the wall (y=0).

If the logarithmic relation, Equation
(8), is considered applicable also to the
wall, then for the whole boundary layer (y=0
to y=6), the outer law is given by

U-w _ y
—-u:‘ -—A)n?+3;~31\%"\q (15)

where w is the Coles wake fgngtion and q is the
wake modification function,

From Equation (15) the outer-law integrals
become

1. =A+9,

o ga)-alad) om

I,'zAz[z*zj and % &3 a%l .
§ZABL[\+£'<.!‘.\ "} %?—g)d%\]«- an
RACHE TR

and

= A [& - L‘s (—}\A%}X;Bl—‘i -L%%)a&ﬂ(m)

Polynomial representationsd for the Coles
wake function and the wake modification func-
tion are respectively

> =3(_"5_\1 _z(%-f (19)
and )
q = (%’-\L - Pf-) (20)
Consequently




1‘=.‘\_LA+L1-9,1 (21)
& 2 z
Le el gt gl o
and
2 3
L=%A+2:8, (23)

4. LOCAL METHOD WITH DISPLACEMENT THICKNESS

Some time ago, Hama3 developed a method
to characterize the drag at a station of a
specified rough surface by measuring the velo-
city profile of the whole boundary layer to
obtain the displacement thickness. In this
regard the Hama method may be considered now
as an indirect method in contrast to the
direct method which only measures the velocity
profile close to the wall in the logarithmic
reglon,

The displacement thickness and the asso-
ciated wall shear stress are used to determine
the drag characterization as follows. The
logarithmic law of friction, Equation (10), is
rewritten as

c-A\XLU‘?)%\)_a,&;B, (20

where & = displacement thickness.

By definition

_88: = Dl(\_ %j d\—;—» (25)

PRl YIS i)
5 «i(ut>d(é (20

and from Equation (12)

— = —— (ZI)

Finally, for a rough surface

o’=§% “An Ry, + By AB 8, AL ()

3

where the coefficient of local skin friction
= cf - 21”/‘,”2

and the dtgplacement-thickness Reynolds number
’R6*=U6/v.

Fotr a smooth surface where AB=0Q

JT% =A‘|nQéu¢B-‘s “B AW, o

For sufficiently high Reynolds numbers and
zero pressure gradient the value of B) is the
same for smooth or rough surfaces.

At the same value of Rg*, for smooth and
rough surfaces, the drag characterization is
glven by the difference between Equations (28)
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and (29) so that

e (fE) S(R)

where the subscripts r and s refer to
appropriate values of the rough and smooth
surface. The value of k associated with AB
and Rs* is

k‘ = Rs.u—%)rl-\i-‘) (31)

By using measured values of the smooth sur-
face, the experimental error in determining AB
tends to be minimized.

A sample plot of ¢/2/c; against log Rgx is
shown in Figure 1 for some roughness data from
Reference 9 {n order to 1illustrate the method.

5. OVERALL METHOD

The total drag of flat plates uniformly
covered with a specified roughness has been
measured while heing towed at various speeds
in water-filled basins. Similar measurements
have been made with a stationary flat plate
immersed in a uniform flow. Such meisurements
have been suzccessfully converted to the drag
chavacterization at the trafiling edge; thus
representing a second indirect method.

An analysis which uses the Reynolds-
numbet mnde instead of the relative-roughness
aode of Reference 4 proceeds as follows, The
drag D of one side of a flat plate of length L
and of unit breadth is

[N
(4

where x 1s the streamwise distance from the
leading edge, The drag coefficient per unit
breadth Cp for hoth sides is given by

Ce = 29 (33)
g puUL

whera 1 is the towing speed.

The von Karmin momentum equation for a
two-dimensional bhoundary layer in a zetro
pressure gradient on a flat plate is

48 _ T !
H-_:)_’I= (34)

P et $
u
where the momentum thickness B f ( ——>—r Ay
o J
L,

After integrating from x = 0 to x =

(‘_‘=3_9.L_=.7”_Q.9¢_ (19
L R.
in terms of the momentum-thickness Reynolds
number, Rg = U8/v and the length Reyrolds
number, Ry = UL/ v, The subscript L tefers to
conditions at the trailing edge. x=L.
Integrating Fquation (34) results in

S

Re,L N
Qﬁf 6* dRg =¢LR°L—159 & a¢ (36)
(=} ' () e
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since Rg = 0 at x = 0.
Now from definitions

Rez\)

La ) a7)
T
Since, from Equation (10),

n = exp 5_‘%:'_8“) (38)

repeated integrations by parts produce

f Q} 6 A< = A]_y) cbi} - Q\b %i + ESl) é:q---:l(39)

where B‘l'- a8, = JA%‘ at x = L.
TS IS

For smooth surfaces By . o and for

fully developed roughness Bi =-A from Equatior

(6). Finally from Equations (36) and (39)

GL“ ¢ 01

L L

ll A
R.= 1. LK\_ 2A+ (/3 2ala e X0B) o)

Substituting for 7, from Fquatfon (38) and
taking the logarithm results in

\nRL=%-+\nc: %——%\nl L:—.EEEQO--'(AI)

In order to substitute the drag coef-
ficient Cp for the local skin-friction coef-
ficient at the trailing edge, q_ , the
procedure {s as follows:

Equations (35) and (36) give

L &_3 Q°°_“ (42)
G «‘ Qe\_

Substituting for Rg and f Re T 4¢
from Equations (37) and (38) results 1n

oo S \- 8, MA:S- en- (43)
ot % T, 8,

Through reiteration 4 ts veplaced by Cp
within the brackets so that

CTJP -2A %l T Q‘A‘b:)&)""ym

and by the binomial theorem

S RN NN e

By inversion

€, = g%’; X\«- AF{?-—A%«B:)@{)*“'} (46)

'
Substituting the expressions for —5 ) 2

v S,

and L1

into Equatioun (41)

and truncating, vesult in

2

J%‘ =A (R Cr) 47)
3 N s (
¢ BB -A an.x)n\(x +3+8, ) <

For a smooth surface, then,
2
E‘:-A\n(&tﬂff

(48)
> B-‘st Bz-A—A\n(ZI.)»A(AZ- 7%)3-:%

This equation has the same form as the well-
known Karman-Schoenherr formulalQ for the drag
of smooth flat plates (which was originally
derived Ly a less rigorous method)

Fé’—‘ = Q \n LQ‘_ C;) + 13 (49)

where the constants Q andls have been adjusted
to accommodate the vCp - term on the right of
Fquation (48).

The indirect method of drag charac-
terization for a station at the trailing edge
is obtained by subtracting the smooth Equation
(48) from the rough Equation (47) at the Same

value of Ry Cp so that

se{f%). (F\ .
s I;K G_r_‘n Ag! c=

The associated value of k for the given value
of RiC, is then

ERIE @)

A sample nlot of vZ/Cp against log(R,Cp
is shown in Fi, ire 2 for for some roughness
data from Reference 11.

6. LOCAL METHOD WITHOUT DISPLACEMENT THICKNESS

Karlsson® mounted a flat plate with a
specified rough surface in a uniform flow and
measured the wall shear stress at a station by
means of a floating element. In most cases no
survev was undertaken of the velocity field of
the boundary layer over the floating element.
Only the stream velocity and shear stress were
measured, Hence the Hama method which involves
a measured boundary-layer displacement
thickness {s no* applicable. However, it is
still possible to obtaln a drag charac-
terization using only the free~stream velocity
and shear stress by the following method
which is now proposed.

The boundary layer develops fron some ori-

e

A .5
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gin for a distance x at the location of the

Equaction (41) is rewritten
81

floating element,
as

n Ry =

.
—

<3 2
—+\n6"A

A
1, - 31 O vees

<

(52)
+ \n

where R, = Ux/w.
With o= 52/‘f Equation (52) becomes

= A\n(ﬂ,q)o?g 8, -

—AWnT) s alAs EI-‘VEE .

then

. (53)

For a smooth surface,

F'A\“&Q*C‘\*B.5'BL-

-Aln(2 T+ A (A 22 w—.

This equatign has the same form of the well-
known von Karmin formulal?

,/-—?T = aln (Q,c‘)

where the constants a and b have absorbed the
terms eliminated by truncation. Subtracting
Equation (54) from Equation (53) at the same
value of Rycg results in an indirect method
for a drag characterization such that

so <([E) -([E) -

(54)

(55)

1 (56)
The assoc 1:!{AP A ?I)L i\l§"e)'nr t;y Uc:%);l
=(Q, c;)l%‘)u_%‘)r (57)

A sample plot of{ETE} against log (Rycy)
is shown in Figure 3 for some roughness data
from Reference 5.

7. INDIRECT METHOD FOR PIFES

In order to show a commonality with the
methodology of flat plaree, the indirect
method is now derived for circular pipes
coated inslide with a specified rough surface.
The average velocity of the flow through the
pipe s used instead of a velocity survey
across the plpe. The average velocity Vv
across a clrcular pipe is given by

A aAY) =zﬁf v (r-y) dy

(58)
where r (s the inside radius of the pipe. For
fully-developed pipe flow, then
vV "y Y Yy
— =2 — h-=)d|— (59)
Uy ), W 3 3

where r = §,

Using the outer law, Equation (3), results
in
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ool )eg | Bhe

or

i:c‘-llmz'l_, (61)

uy

Substituting for o from Equation (10) yields

- cAlny «B +B-2T1.427Ts (62)
1
The Fanning friction factor f is defined
as
2 Tw
= —— 63
£ oV (63)
and pipe Reynolds number Ry as
RD= ﬂr__ (64)
hY
Then i = i (65)
ur £
d - (66)
an v = ‘29 {E’ // J?;
Equation (62) becomes
2 -
E—A\n(RDE) + 8,4+ Ba (67
-AW{g -2 (I,-15)
For a smooth surface then
£ = A \n(ﬁ?DQ—.) +E54$ + By -
¢ (68)

—A\n -L(I Ia

This is the same form as the well-known
Prandtl-Karman equation for flow through
a smooth pipe. For fully developed pipe flow
the value of By is the same for smooth or rough
surfaces.

At the same value of Rp Vf then

s - () - (5
*f ¢ $
The associated k° is given by
(i (u
(Qpr> ar (70)

The evaluation of AB by subtracting smooth
results from rough results was originally advo-
cated by Robertson et al,13 4 recent paper by
Grigsonl4 gives an unnecessarily more compli-
cated procedure for determining AB.

A sample plot of v2/f against log Rp’f s

shown in Figure 4 for some roughness data from
Reference 2,

8. NUMERICAL VALUES



———— ——

Numerical values are now supplied for the
formulas which have need of them.

For values of A = 2,5 and By = 2.4 for
flat plates, it follows from Equations (21)
and (22) that I;=3.49 and I, = 23.2. These
values give total drags agreeing with the
Schoenherr line.

Consequently for the indirect method
involving total drag, Equations (50) and (51)

e (E) (B - o
o), {R),)-250([@),

anda Q?‘)k“f‘_)(l‘—%‘i X N
x (\ -1.5 k%)t +2.5(315+8, )(S{)i

It should be noted that for the fully
rough regime, Equation (6) with B, constant,
Bll = ~-A = -2.5. Otherwise Bll may be eva-
luated by reiteration. Here AB and k™ are
calculated for B =0. B, is determined from
the slope of AB plotted against k*. The
process may be repeated.

Also, for the local method without
displacement thickness, Equation (56) becomes

o) (BN -,
o, ()

9. CONCLUDING REMARKS

The various indirect methods developed in
this paper are summarized in Table 1. There
is a basic sameness in all the procedures. An
appropriate drag coefficlent is plotted
against an appropriate Reynolds number com-
bined usually with a drag coefficient, The
difference between the rough and smooth curves
determines the drag characterization. By
using this difference the truncation error in
the second and third methods is made negli-
gible, also.

Once a drag characterization has been
determined for a particular roughness, it wmay
be used in boundary-layer calculations to
determine the drag of bodies: that of a flat
plate in Reference 4 by means of a formula
unlike the complicated procedure of GrigsonIA,
that of a two-dimensional body with pressure
gradients in Reference 15 by an integral
method and that of more general bodies by the
mixing lengths given in Reference 1.

REFERENCES

l. Granville, P.S., "Mixing-Length
Formulations for Turbulent Boundary
Layers over Arbitrarily Rough Surfaces”,
Journal of Suip Research, Vol. 29, No. 4

pp. 223-233 (Dec. 1985).

2. Nikuradse,J., "Laws of Flow in Rough

Pipes,” NACA ™ 1292 (Nov. 1950) (translation
from VDI-Forschungsheft 361, Jul/Aug 1933).

3. Hama, F.R., "Boundary-Layer Characteris-
tics for Smooth and Rough Surfaces,” Transac-
tions of the Society of Naval Architects and

Marine Engineers, Vol.62, pp. 333-358 (1954).

4., Granville, P.S., "The Frictional Resis-
tance and Turbulent Boundary Layer of Rough

Surfaces,” Journal of Ship Research, Vol. 2,
No. 3, pp. 52-74 (Dec. 1958).

5. Karlsson, R.I., "The Effect of Irregular
Surface Roughness on the Frictional Resis-
tance of Ships,” Proceedings of International
Symposium on Ship Viscous Resistance, L.
Larsson, ed., Swedish State Shipbuilding
Experimental Tank, (1978).

6. Granville, P.S., "Drag-Characterization
Method for Arbitrarily Rough Surfaces by Means
of Rotating Disks,” Journal of Fluids Engineer-
ing (ASME), Vol. 104, pp. 373-377 (Sept. 1982)

7. Granville, P.S., “Drag and Turbulent
Boundary Layer of Flat Plates at Low Reynolds
Numbers,” Journal of Ship Research, Vol. 21,
No. 1, pp. 30-39 (March 1977).

8. Granville, P.S., "A Modified Law of the
Wake for Turbulent Shear Flows,” Journal of
Fluids Engineering (ASME) vol. 98, No. 3, pp.
578-580 Sep. 1976).

9. Karlsson, R.I., "Studies of Skin Friction
in Turbulent Boundary Layers on Smooth and
Rough Walls; Part 3,” Chalmers University of
Technology (Sweden), Dept. of Applied Thermo
and Fluid Dynamics Publication 80/4 (1980).

10. Schoenherr, K.E., "Resistance of Flat
Surfaces Moving Through a Fluid,” Transac-
tions of the Society of Naval Architects and
Marine Engineers, Vol. 40, pp.279-313 (1932).

ll. Couch, R.B., "Preliminary Report of

Friction Plane Resistance Tests of Anti-

Fouling Ship Bottom Paints,” David Taylor
Model Basin Report 789 (Aug. 1951).

12. Goldstein, S. ed., "Modern Developments
in Fluid Dynamics, Vol. 2" Clarendon Press,
oxford, 1938. (See p. 364).

13. Robertson, J.M., J.D. Martin and T.H.
Burkhart, "Turbulent Flow in Rough Pipes,”
Industrial & Engineering Chemistry Funda-
mentals, vol.7, No. 2, pp.253-265 (May 1968).

l4. Grigson, C., "The Drag at Ship Scale of
Planes Having Any Quality of Roughness,”
Journal Of Ship Research, vol. 29, No. 2,
ppP. 94-104 (June 1985).

15. Granvilie, P.S., "Similaricv-Law Entrain-
ment Method for Two-Dimensional Turiulent
Boundary Layers in Pressure Gradients on
Smooth or Rough Surfaces,” (to be published)



g

B SV S SR

Takle | - Suwu'\ﬂ" of JTwndect Methods
Method Measured Plotted ap K<
Displacewment
e F ARV Z us log Rge | Eql30) | Fal3)
< ——— -
5
2| overa 0,0 & v leg(@.G)| Eat0) | Ea (12)
E vocel WiMaout
El oy | Vv (2w elReq) | B (1) | Ea (S
Pipe V‘IL};E;S;}DS(Q"F')I Ea.{bd) | Eq.(10)
) Local Methad wih Qusplacemeal Thickaess
...;LHnﬁnn%.,&#, ) S S

B

124

4.k




canwvilie Qe#
; R i

GRS kB ‘,9,“
R T T

Viquve 3- Local  Mraud - thout Duplgeewment Thekwess (Neu)

125




¥ X . nA \ig:’i’

Method by Flow (Nakcuxadse ?-1." vectcometol
N O N OO IR ML T B

o vy

-

126



Yy

ey

i

A SEMI-EMPIRICAL APPROACH TO
USING FIVE HOLE PITOT TUBES

by John C. Kuhn
Project Engineer
Qffshore Technology Corporation
Escondido, California USA

ABSTRACT

The calibration and application of spherical five hole pitot tubes are
exsmined. In particulsr, calibration data are used to numerically
“tune” potential Mow solutions, which in turn are used In the
application of the pitot tubes to find three dimensionsl flow fields
(e.9. 8 ship's wake). Pitot tube calibrations based on tuned potential
flow solutions result in more sccurate velocity resolutions than can
be practically obtained from purely empirical approaches.
Comparisons sre made and examples sre given.

1.0 INTRODUCTION

In many areas of fluid mechanics it is desirable to obtain messured
flow information. One mesns of obtaining such information is with
pitot tubes, during an experiment or otherwise. T~ obtain three
dimensional dais with pitol tubes requires the use of dynamic
catibration dats Lo Interpret results. In general, this calibration
dets is nonlinesr and reasonsbly complex. Thersfore, some
straightforward methods of interpolation (within a “look-up” Lable
of numbers representing the dynamic calibration) may lead to
systematic, and perhaps significant errors.

The subject of this paper is the development and application of &
technique to accurately interpret pitol tube messurement results
with potential Now solutions that are numerically tuned to it
dynemic calibration data. Results contsined in this paper are for
spherical, five hole pitot tubes that were developed by, and are
spplied at the Offshore Technology Corporation in Escondido,
California. However, the methods contained In this paper are
generaily applicable to any nearly spherical pitot tubes having five
probe holes for obtaining three independent pressure measurements
in two orthogonal planes, 8s is sufficient for the determination of
three dimensionsl flow velocities.

2.0 DYNAMIC CALIBRATION OF PITOT TUBES

Five hole pitot tubss provide Lheir user with five pressure
measurements that, upon interpretation with dynamic calibration
information, yield a steady state three dimensional flow velocity.
The methcds presented herein are for steady state applications only.

2.1 METHODS

The dynamic calibration of pitol tubes requires sn experimental
set-up to acquire pressure measurements for known Inflow angles
end velocity magnitudes. To develop s complete dynamic calibration

requires that pressure measurements be recorded for a matrix of
inflow angles that sufficiently envelops the expected region of
interest during applications of the instrument. Through the
formulation of pressure coefficients that sre properly normalized
with respect Lo inflow velocity magnitudes, it ususly becomes
unnecesssry to include 8 syslematic varistion of Inflow velocity in
the dynamic calibration test matrix. Rather, the pilot tubes may be
cslibrsted for one nominal Reynolds number within the expected
Reynolds number range during application, as long 8s the range is nol
too brosd. The effect of varying Reynolds number on the pressure
coefTiclents given in equations (1) through (6) Is neglible for
reasonable changes in Reynolds number, ss shown by Tresster and
Yocum (3) However., if Reynolds number (based on dismeter)
changes on the order of 2,500 or greater are anticipated, then it
may be worth conducting 8 psrametric veriation of Reynolds
numbers during dynamic calibrations if velocity

magnitude accuracies of within 2 percent are desired (flow angle
resolution is not significantly affected by Reynolds number
variations).

Normalization with respect Lo the known flow velocily and fluid
density (i.e. the known free stream dynamic pressure, 1/2pU2) is
sufficient, but introduces an additional unknown during application.
Therefore, it Is desirable to normalize with measured pressures, as
long 8s the coefficients thus formed are independent of measured
value magnitudes. A suttable coeffictent formulation has been
developed by Treaster and Yocum 3 using 8 normalization
parsmeter developed by Kreuse and Dudzinskim and is given in
equstions (1) through (5).
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Figure 1: The Pitot Tube Fixed Coordinate System

P+P3+P 4Py
Pp = - (s)
4

where:

P; = mean measured pressure for hole ®i, i=110 S
Pgiatic = static pressure

Pynamic = dynamic pressure = (1/2)pU2

Piotar = total pressure = Py 1\ + pdynsmic

# = fluid density
U = free stream velocity

The numerical subscripts refer to the probe holes on a given pitot
tube, as shown in Figure 1. It is convenient at this point Lo define
snother coefficient which effectively takes the place of two
coefficients (Cqyop(c 8nd Ciotay) the “welocity coefficient”:

Cvelocity ™ Cstatic ~ Ctotal (6)

This coefficient, together with 'CY“‘ snd .Cpnch. completaly
formutate the dynamic calibration characteristics of a five hoie pitot
tube for the purpose of detarmining three dimensional Mow
velocities.

To conduct calibration tests it is necessary to mount the pitot
tube(s) on an apparatus allowing known angular displacements
reiative to the Now direction. There are basicslly two classes of
devices for this purpose, one that pitches about the yawed position,
and one Lhat yaws about the pitched position. Using the pitot tube
fixed Cartesian coordinate system in Figure 1, the following
relations implicitly define the pitch angle (& ) and the yaw angle

( ) for the indicated device:

€1) for a device that pitches about the yawed position:

Vy = Veos(akos(3)

Vg Vsin(Q )eos(3) 4

v, = vsin(3)

(2) for a device that yaws about the pitched position:

V, = Veos(@)cos(3)
Vy = Vsin(Q) (8)
V, = Vsin{B)cost )

where:

V = velocity magnitude

Vx = x velocity
VY =y velocity
Vl = 2 velocity

Qa = pitch angle
£ = yaw sngle

The relations sbove apply not only for velocity vectors, but for any
vectors in the so-defined space. Device one may be termed a “pure
yaw" device since vectors in the yaw plane (the x~2 plane) are
unaffected by pitch, and device two may bs termed a “pure pitch”
device since vectors in the pitch plane (the x-y plane) are
unafTected by yaw.

It Is convenient at this point to introduce the location of the
stagnation point. Lel the following nondimensionalization of spacial
coordinates be assumed:

x=rX
y=rY 9)
2=l

The nondimensional stagnation point location (XY ¢.Z.) for Now at
nitch angle () and yaw angle [ 3), where the angles are relative Lo
Lke negative x-sxis, follows from equation (7) or (8), whichever is
applicable:

(1) for the pure yaw device:

Xg = -tos(a@Xos(3)

Yg = -sin(@ Xos(3) (10
Z, = -sin(3)
(2} for the pure pitch device:
Xg = —cos(@)cos(3)
Y, = -sina) (an

Zg = -sin{ B eos(a)
The probe hole locations in the coordinates given In Figure | may be

summarized as follows:

Yp*© Bpr 12)

where:
p = probs hole number = 1,2,3.4, or S

and the constants Ap. Bp. and Cp define the probe hole
locations on & given pitot tube. The pitot tubes used to obtain
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the dats presented in this paper have the foltowing probe hole

constants:

p Ap ) %

1 -1.0 0 [}

2 ~05(45") 0 -c0s(45")
3 ~c0s(45") 0 +c0s(45")
4 ~cos(45°) —0s(457) 0

S ~c0s{45°) +cos{45") 0

2.2 RESWLTS

Typical calibration results are presented In Figures 2 and 3. This
data resulted from a test matrix of +/-30 degrees pitch snd yaw in
10 degres increments and a free stream velocity of 4.0 feet per
second. The density of the fluid (freshwater) was 1.9362
oound—secondzlfeel4. corresponding to a water temparature of 70
degrees Fahrenheit.

3.0 INTERPRETING MEASUREMENTS WITH CALIBRATION RESULTS

Pressure Jats collected with pitot tubes placed in unknown flow
conditions serves as the input Lo the computational problem of
determining the flow velocity. This velocity is determined by:

1) Computing cpilch and Cy,w with mean pressures (see
equations 1 and 2).

2) Finding the inflow angle components a(pitch) and B(yaw)
with cpitchlcylw calibration data (see Figure 2).

3) Finding cvelocity with the Cvelocily calibration data (see
Figure 3).

4) Computing the velocity magnitude:

V'* [(2/pXdP 8P 1+C ety 12 a3)

where:

Py =Py - Pror
90 = Po ~Pror

P"r = a reference pressure that measurements

were taken relative Lo.
p = fluid density

PRSI 7

Figure 3: Empirical cvelocity Plot

S) Computing the velocity components:
a) for calibration data obtained with a pure yaw device:

Vy = Veos(@)eos(3)
vy = Vsin(a)eos( 3) (14)
V, = Vsi3)

b) for calibration data obtained with a pure pitch device:

Vy = Veos(akos(3)
vy = Vsin(Q) (15)
V, = Vsin( 3 )cos(a)

Steps 2 and 3 above require the use of dynamic calibration dats. In
generai, this requires the deveiopment of an afgorithm to determine
relevent charactaristics sssociated with measurement data based on
known characteristics associated with neighboring calibration data.
Two spproaches are considered below. The first spproach utilizes
interpolation confined to the immediate region within which the
measurements lis. The second approach uses numerically tuned
functions that are based on potential fMow around a sphere.

3.1 _INTERPOLATION WITHIN CALIBRATION DATA

A standard approach to dealing with steps 2 and 3 above is to
interpolate within the calibration data. Step 2 requires a search
through the Cpi[ch/c yaw calibration data based on cpitch and an
vatues. Once the proper region is found, a reverse three point
bivariete interpolation(S) may be done, as illustrated in Figure 4 and
formulated in Equation 16

9@ [Chircn)1 0 Cpitcnro.01 * 4B Chitendo,1 {Cpitenlo 0 =

* (cpitch)mnsurod - (cpitch)o,o (16a)
3HCy )1 0Cyaw)o 01 * SBHC )0 1 4Cyawlo.0) =

* Cyaw'messured ~ Cyamlo.0 (16b)

Equation 16 is a two by Lwo system of linear equations that may be
solved for da and df3 ; thus, this interpolation is linear.
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Three Point Bivariate

Figure 4: 8
Interpolation Diagram

The pitch and yaw sngies sre then:

as (@) + da)Aa
“un
B= (Bl + 6BIAB

whers:
Aa,A( = the spacing between dynamic calibration points.

Step 3 also requires a search through the calibration dats, but this
time the search is conducted within the cvelocily data and is based
onthe o and 3 values found in equations 17. Upon finding the
proper region, a forwerd four point bivariate interpolalion(S) may
be done, as illustrated in Figure S and formulated in Equation 18:

CV!IOC".Y = (I-da/AaX1-d3/A83 )[(CVCIOC".Y)O.OI
’(da/AaXl-dB/AB)[(CWM“Y)"o)
H(dB/ABXI-4a/A AN Cygloeity 0.1

"(da/Aade/A[})[(Cwloc“_y)"| ]

*Crelocity 0.0 (e

The four point bivariate interpoiation procedure is nonlinear, but is
not 8 true second order procedure (a six point bivariste
interpolation would be second order accurate - see Reference 5).

Now the interpolation procedures are complete, and the velocity
magnitude may be found with equation 13, and its components with
squation 14 or 15, whichever corresponds to the type of calibration
apparstus used.

3.2 ITERATION WITHIN NUMERICALLY TUNED POTENTIAL FLOW
SOLUTIONS

An siternstive to interpolating within dynamic calibration dstas is to
*fit” functions to it, and then use the functions in lieu of the dats
itself. If it is possible to fit a function Lo data accurately, then any
errors associated with interpolation may be avoided. Additionally,
if the data under examination contains any scatler, it may be
possible to fit “smooth” funclions through the immediate vicinity of
the data points, so as Lo increase the statistical sccuracy of the
resulting fit". it is for both of Lhese reasons that the following
approach wes developed.

3.2.1 THE BASE POTENTIAL FLOW FUNCTION

To fit & function to data it is nezessary to:

1) choose 8 "base” function to start with, and

130
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Four Point Bivariate

Figure 5:
Interpolation Diagram

2) identify parameters associated with the base function
that may be systematically varied to fit the function to
the data.

For item (1), the potential flow solution derived in Appendix A may
be ysed s a base function:

PIX) = (pU2/8)(18X 2-9x -9 Zsincos™ T (XN-5)  (19)
This is the solution for the pressure (P) on the surface of & sphere in
an infinite, idesl fluid in & nondimensional, Mow fixed coordinate
system where the positive X' direction is coincident with the free
stream flow direction, and:

X =x/r (20)
To make use of (19) it is necessary to deveiop a coordinate
transformation between the flow fixed coordinates used sbove (the
X' system) and the pitot Lube fixed coordinates given in Figure 1 (the
X,Y.Z system). For the purposes of fitting (19) Lo dynamic
calibration data. it is necessary to determine the X value associated
with each probe hole on a given pitot tube for a given angle of attack.
Due Lo the special symmetry of the sphere, the foliowing
nondimensionai dol product represents a complete transformation
for the purposes of evaluating (19):

X = -(Astoast+C°Zs) if 6¢90 degrees @n

= 4(ADXS‘BDY50CDZS) if 62=90 degrees
where:
AD'BD'CD = probe hole constants as
defined in (12)
Xq.Y g.Z4 = stagnation point location as
defined in (10) and (11)
= spatial angle between a given
probe hole and the stagnation point

The minus sign in (21) is acceptable as long as the stagnation point
location and the probe hole location are not more than 90 degrees
apart on the surface of the sphere. In general, spherical (or nearly
spherical) pitot tubes become ineffective under such conditions
anyway. 50 the minus sign may be consistently maintained with the
addition nf a suitable angle of asttack constraint for the specific pitot
{tube design being used.

The theoretical Cnllch/cyaw grid resulting from (10), (12), (19),
and {21) is shown in Figure 6, and the corresponding Cvalocity plot
is shown in Figure 7. These plots are based on the same inflow
matrix as was used to creste the empirical plots shown in Figures 2
and 3. A comparison of these results leads to the following
observations:

1) the location and spacing of the “constant angle™ lines

(i.¢. the lines representing 8 constant pitch or yaw angle)
in the coluh/c yaw 9rids can differ.
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2) the effective probe alignment relative to the Mow direction N
may not be “perfect”, as assumed in the theoretical results Eg= ‘z ((Cvelocily)emplr,i ~Ceiocity 'theo.i VN (23)
(thus their symmetry across axes). i=1
where the sum is done only for =10 <= o, <= 410
3) in general. (Cyg|ocity Jampirical > Cvelocity theorstical and N = the number of fow angles in the (-10,+10)
envelope.
The observations above ars indicative of possible tuning parameters. 3) & flow angle exponentlial - Lo exponentislly correct for
In addition. the following basic observations may also suggest apparent discrepencies in flow angle. This discrepency
possible tuning parameters:
the is made most apparent in the Cmchlc yaw grid. The error

4) the empirical data contains the effect of a viscous associated with this may be quantified as follows:

boundary layer. N
EQlpiteh = Co: i ;- abs(C . N
5) the pitot tubes are made with a fairly significant cylinder eJpiteh lif_:‘ (2bS(Cpipchempir,i ~ 805(Chitcn)ineo.i 1
supporting a sphere (see Figure 1}. 24)
3.2.2_TUNING PARAMETER SELECTION N
(€,), g = 12 (abS(C, ), - abs(C. . Wy 1N
Based on the observations made in Section 3.2.1, the following Lypes oy =1 yow'empir.i yaw theo.i
of tuning parameters are cansidered: where N = the number of Now angles surveyed.

1) slignment adqu!.mgnt engles - to correct for apparent 4) alinesr flow angle multiplier - Lo linesrly corract for
discrepencies 'T‘ alignment . This dtsc'reoency s made apparent discrepencies in flow angle. This discrepency
most apparent in the Cpiycn/C yaw rid. The rror is made most apparent in the Ciy /C. g grid. The error
sssocioted mu; this may be quantified a3 follows: associated with this may be quantified as follows:

(€ dgiper = I 2 UC, v pde = (o o JUN (222) N
a’pitch — pitch’empir,i ~ ' “pitch’theo.i .

i=1 Emlpitch ‘E‘ (abs(Coit chompir,i = 85Cpitehthes,i 1N
N =

€y aw ™| Zl €y amdempir.i ~ Cyawtheos VN (220) 25)
i N

where the sum is done for all flow angles surveyed Eprlyaw = 2 [abs«:yaw)empir,i - abs(Cyp dipeq i VN
and N = the number of flow angles i=
. ) . where the sum is done only for ~20 <= @, <= 420

2) an effective probe hole location adjustment - to correct ] . .
for the presence of 8 ary layer and/or the effective to distinguish this error from £ (more on this later) and
overall probe hole locations (especially the outer probe N = the number of Mow angles in the (~20,+20) envelope.
holes) being something other than as described in
”dlm 21 (SL°.° e;:aénon “2). ITT!(::CN”MT. s 3.‘“ The error functions given in equations 22 through 25 are “polarized”
most apparent in V!|0‘:i|?l plots ithe reason for this in the sense that they have both positive and negative values
Jies In the fact that the equations used to arrive at associated with them.

Cveloclly. equations (3) and (4), are fairly strong functions
of outer hole behaviour, especially equation (4)). The Tuning parameter types (1), (3), and (4) may be Incorporated by
error associated with this may be quantified as follows: tuning the inflow sngles, a and 3, which preserves the sphericsl
131
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symmetry of the problem formulation. To maintain the symmetry,
parameter type (2) may be incorprated with the sssumption that the
boundary layer creates, for the purposes of pressure distribution
prior to separation, a roughly spherical shape circumscribing the
Sphere itself (see Figure 8). Since Now around a “body plus
boundary layer* shape that is spherical is equivalent to flow around
any sphere (as long as geometrically similar points are considered),
“spparent” (or effective) probe hole locations may be found Lo
account for both the presence of a boundary layer and effective
Shifts in probe hole locations. The entire tuning process may then be
achieved by simply modifying the argument (X)) of (19), and the
type of transformation used in equation (21) is still applicable.

The flow sngle exponential and linear multiplier may be incorporated
at once as follows:

ap=m aftalir aso

= afdir aco 26)
<0if @=0

Br=m3Eif 3o0
== X&) ir B0 @n

=0if B=0

where:

N. = Q multiplier

My = 3 multiptter

B4 = @ exponential

£y = 3 exponential

Q7 = tuned pitch angle

,BT = tuned yaw angle
To incorporate the alignment angles and the effective probe hole
location adjustment, the stagnation point locations and the probe hole
locations are affected as follows (see Figure 8):

(1) for the pure yaw device:

Xg= (148 )os (@ 1- ap)cos (B - Bp)

Vo= (14 8)sin (@ - @) cost - B) (28)
Lg=(1+ 850 ( B 1- By

Xp Ay~ Scos(Qy-aydcos( B fp)

Yo=Bp- dsin(ap- aplcos (BB, 29)

Zp-Cp- 6S|ﬂ(ﬁr' BA)
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(2) for the pure pitch device:

Xg= (14 8)os (ay- ap)cos (Br- By)

Yo =1+ dsin(ay-a,) 30)
Zo= {1+ duin( Lr-Blcos (ay-ay)
Xp = Ag- dcos(@p-@p)cos i By- fy)
Yp=By- ssin (@ - a,) a1
Zp-Cp- ssin(By-Bplcos (- ay)

where:
6=(ry/r)-10 (32)

fy; = radius of body plus boundary layer (see Figure 8)
r = radius of body

a, = pitch slignment angle
B a = yaw alignment angle

With the incorporation of the effective probe hole location
adjustment the transformation (21) must be modified to account for
the non-unil radius sphere that results from nonzero & values:

X = X X4V Y 42

2,y 2,7 4172
oXs*¥pYs DZS)/(XD +Yp 6Zp YW1+ 8)

(33)

The effects of varying each of the parameter types are shown in
Figures 9 through 12. The alignment angles, flow angle
exponentials, and flow angle multipliers are each broken into
independent a and (3 components to allow increased flexibility in
fitting the solution to the data. However, the effective probe hole
location adjustment is a global parameter having the same 1mpact on
pitch and yaw oriented values.

3.2.3 _TUNING PARAMETER DETERMINATION

The successful execu*ion of & tuning algorithm that finds values for
each of the tuning parametars requires that the psrametsrs be
constrained. The psrameters used here are physically motivated,
and 56 the constraints on them may be arrived st via physicsl
Inspection also. Since boundary layers are of a positive thickness,
It is required that:

§50 (34)
The suspected effect of the cylinder suwporting the sphere (see
Figures 1 and 8) is to cause an apparent inflow angle of 8 smalier
magnitude than the actual inflow angle (i.e. the cylinder tends Lo
slign the flow). The spacing of Lhe “constant angle” lines in the
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cpn.ch/c yow grid for relatively small inflow sngles supports this

ides. However, the spacing of these lines at relstively large inflow
angles suggests that something is acting to increase the magnitude of
the spparent inflow angle. This is prabably due to the onset of
separation. Based on these observations and observations
concerning the convergence of the tuning algorithm Lo be presented
shortly, the following flow angle muitipiier and exponential
constraints sre acceptable:

0« MyMp <10
E_,,.Eb >10

(35)
(36)

The alignment angles are constrained by the quality of the
instruments and dynamic calibration apparatus, and the effect of any
suxiliary apparatus (e.g. a wake rake, or 3 device used to hold the
pitot tube(s) in place) on the flow “seen- at the pilot tube(s). The
following constraints are usually acceptable, but may be broadened
8 necessary:

50 ¢ @p, Bh<50 (7
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Figure 11: Flow Angle Multiplier Adjustment
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Flow Angle Exponential Adjustment

It is necesssry to find acceptable vatues for four Lypes of
parameters that affect the solution shape in ways which are fairly
unique. but are also related (see Figures 9 through 12). That is, s
given parameter may primartly affect one solution characteristic
while secondarily affecting others. Therefore, independent
optimizattons for each type of parameter are not suffictent.
However, if multiple pssses are made through a prioritized sequence
of independent optimizations, it may be possible to converge to an
scceptable solution with carefully chosen convergence criteria. in
particular, It is important Lo order the ndependent optimizations in
8 given pass such that successive optimizations have as little impact
on sofutfon characteristics primartly associated with prior
optimizations as possible. Consider the following ordering of
independent optimizations for the problem at hand:

1) adjust alignment angle

2) eadjust effective probe hole locations
3) adjust Now angle exponentials

4) adjust fMlow angle multipliers

Since the effacts of adjustments 2 through 4 on alignment are small
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(or perhaps nothing at ait), the alignment adjustment made during
edjustment | will maintain its validily s adjustments 2 through 4
are made. The effects of sdjustments 3 and 4 on effective probe
hole locations tend Lo be relstively smatl, snd so the effective probe
hole location adjustment made during adjustment 2 wiil tend to
maintsin its validity during sdjustments 3 and 4. Unfortunatsly,
sdjustment 4 can have a significant impact on solytion
cheracteristics associated with adjustment 3. However, the regions
In which each of these adjustments act strongly are somewhat
different. That is, the flow angle exponential has its strongest
impact at relatively large Now angle magnitudes, while the flow
angle multiplier has & linear impact throughout the envelope of flow
angles. The effects of each adjustment may be controlled by
restricting the region in which the error function (used Lo determine
the quality of the fit) associated with it is evaluated. As long as the
error function is redundant, this approach will not endsnger the
globsi quality of the resulting Nit. By restricting the error function
sssocisted with adjustment 4 (equation 25) Lo flaw sngles of a
reiatively small magnitude, adjustments made will have a smaller
impact on solution cheracteristics associated with flow angles of &
relatively large magnitude, and so the Now angle exponential
sdjustment made during adjustment 3 will tend to maintain its
validity (this is why the restricted inflow envelope was used for
squation 25). Upon completion of adjustment 4 one pass has been
made through the prioritized sequence of optimizations given above.
Since the sequence is ordered sccording Lo the principles described
above, the amount of damage each successive optimization has on
prior optimization results 15 minimized. I is on this basis that
multiple passes through the sequence of optimizations will converge
to 8 solution (no proof will be given).

Cansider the following standard bisection sigorithm:

It is desired Lo solve E(x)=0 where E is a polarized error
function (i.e. it has both positive and negative values).
Assuming E(x) 15 continuous snd bounds a and b Can be
found such that E(a)E(b)<0, then (by the intermediate
vaiue theorem) there exists a root r such that a<r<b and
E(r)=0. A solution within an average lolerance t of Lhe
true solution {based on the error function E) is desired.
The bisection aigorithm |s then:

1) set &y=a and b=

2) seti=t
3) set £y=0 Sa+by)

4) if sbslE(r;)]<t then STOP
if sbs{E(r;)}>0 then go to step S
5) if E(ryXE(2,)>0 then go to step 6
if E(r,)E(a)<0 then go to step 8
6) seta,y=r;and by, =b;

7) selixi+1 and go Lo step 3
B) seta;, =a; and b, \=r;

9) set i=i+1 and go to Step 3

Although the standard bisection algorithm presented sbove will
always converge for continuous functions having a unique root
between the bounds imposed,it will fail to converge if the root is
outside the bounds. This can happen if sequential optimizations are
being done where successive oplimizations msy effect results
associsted with prior optimizations. That is, the bounds associated
with a given optimization during a given pass through a sequence of
optimizations may be insppropriate during iater passes as 8 resuit of
successive oplimizations affecting the results of prior
optimizations. There are several ways to alleviate this problem.

One way is to perform a test within the bisection algorithm to see if
the procedure is “stepping” toward the solution with step sizes
mesling the following criteris:

abslE(-£(r )] ¢ Ct (38)

where:

C =3 constant < !
t =the average required tolersnce

If this criteria is not satisfied, then it mesns that the bounds must
be modified to straddie the root.

This criteria may be incorporsted in the bisection slgorithm as
follows:

1) seta=s and b,=d
2) set i=1
3) set r=0.5(a+by)
4) if lbs[E(r.))(l then STOP
if abslE(r;)1>0 then ge to step 5
S) «f E(rE(2()>0 then go to step 6
if E(r)E(8()<0 then go Lo step 9
6) set 8y, v md by, (b,
7) if abslE(r -E(r;_|)) < Ct then by, ;= +db
8) set ixi+1 and go to step 3
9) set s, *s; and b, v,
10) 17 sbsIE(rE(r ()] < Clthen a,, (=8, ~da
11) set ixi+1 and go Lo step 3

Values of ds and db depend on the nature of the bounds, but ere
usually a (raction of the inilia! difference in bounds s and b. In
sddition to aliowing the bisection sigorithm to convergs when used
wilhin a sequence of optimizations, the above modification also
sllows the slgorithm to “walk” outside its initial bounds.

This modified bisaction slgorithm may be used within the sequentia!
optimization procedure described earlier Lo srrive st MNnal tuned
potential Mlow solutions. An acceptable criteris for convergencs s
that one pass be made through the optimization sequence. from
sdjustment | through adjustment 4, such that no edjustments are
made. Thal ts, If the test in step (4) sbove ylelds a "STOP" for =1
for esch of the adjustments 1 through 4 during s grven pass, then
convergence has been achieved in the sense that the present tuning
psrameters have yielded a solution that is within the average
tolerances specified.

The values of the bounds (a and b), da, db, and C used in conjunction
with the dala presentsd in Lhis paper are as follows:

Parameter Type initisl Boungs BOUNd Test  Bound Modifiers

: b C""Z""‘ de ®
Alignment Angles -5 45 1710 5 s’
Probe Hole Location  © 06 1710 0.05 0.us
Flow Angle Exponential 10 1.2 1710 06.03 0.03
Flow Angle Multiplier 05 10 /10 0.04 004

324 RESULTS

The tuning algorithm described in section 3.2.3 was used to process
dynamic calibration data for five five-hole pitot tubes iike those
shown in Figure 8. The funclions given in equations 22 through 25
were used 85 error functions during the tuning process. The
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tolerances with which these error functions were compared are as

follows:

Parameter Error Function Tolerance
Alignment Angles Eqn. 22 0.12
Probe Hole Location Egn. 23 0.05
Flow Angle Exponentials Eqn. 24 0.12
Flow Angle Multipliers Eqn. 25 0.12

After 11 passes (consisting of a Lotal of 142 iterations) per pitot
tube, the following tuning parameters were found for each of five

pitot tubes.
Pitot Tube Number
Parameter 1 2 3 4 S
alignment
angies:
ay 429 07V -1.6° -242° 0.7V
Ba 189" -3.36° -2.73° 054" 133

135
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. P
Cvelomty Jot
effective
probe hole
location:
1] 060 037 034 041 034
flow angle
exponentials:
Ea 135 117 124 125 1.18
Eb 127 127 124 115 1.24
flow angle
multiphiers:
My 039 072 049 052 049
My 060 036 0St 069 052

The results for pitot tube #4 are shown in Figures 13 and 14. These
results are representative of the results obtained for the five
sphericat, five hole pitot tubes exam’ -ed.

3.2.5 USING THE TUNED SOLUTIONS

Once tuned solutions have been found, they may be used in lieu of the
dynsmic calibration data itseif Lo determ:ne three dimensional Now

‘A‘ il e e,
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velocities from mean pressures measured with the pitot tubes. This
procedure may be accomplished with a modified bisection algorithm
functionally identical to the one presented in Section 3.2.3 (the
subscript ‘e’ means empirical, ' means theoretical, 1’ means
lower, and U means upper):

1) comoute (Cp, Leh)g 2nd (Cyaw)e from measured pressures
2) set lower bounds o s, and 3, =b

3) set upper bounds e R B u=dy

4) set i=1

S) set @;=0.5( ap+ay)
Bi=0S( 3+ ;BU)

6) compute (Cojy el ;(Coppdy i 2nd (Cgjacipy Iy i rom the
tuned solution

7 if ’bsucpilch)l.l-(cpitch)e] < t] and
abs((Cy‘w)t_i-(Cy,w)e] <t, then STOP;
otherwise, continue
8) if ubs[(Cym)'_',-(Cyaw)el ¢ty then g3 to step 16
9) ir(cyaw’t,i > (Cyaw)e then go to step 13
10) 8= 3
1) if absliCyp Ny iog - (Cyawh il (lpthen =3 +50°
12) goto 15
13) By = B
14) if ’bsl(cyaw)l.i—l - (cyaw)l,i] < LQ then BL = BL -50°
19) if absl(Cp;uh)U-(Co,w)al <1y then go Lo step 22
16) 41 (Cpipendy; * (Cpiteh)e then go to step 20
17 a = a;
18) if 8b5[(caiuh)z'{_, - (c‘?f&.‘h)t,f } < l’ then QU = OU +50°
19) goto 22
20) ay=a
21} if abs[(CDnch)U_, - (cpilch)t,l] Ctythen o = @) -50°
22) set i=i+) and go to step 5

4.0 METHOD EVALUATIONS

Two categories of evalutions (one with known inputs and the other
with unknown inputs) were conducted. For both of them the
resolution tolerances ty (pilch) and L, (yaw) were set at 0.00S.
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Table 2: Results with Theoretical Data
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4.1 WITH KNOWN INPUTS

With known o, 3. and velocity values, four Lypes of evaluations
were conducted. Resulls for purely empiricat interpotation (as
described in Section 3.1) and semi-empirical iteration (as described
in Section 3.2.5) were computed for a representative matrix of fow
angles for which data was collected during the dynamic calibration
testing (as described in Section 2.2). The representative resutts
given in Table 1 are for pitol tube ®4. As a means of differentiating
between errors associated with experimental scattsr and errors
associated with the method being used, theoreticat solutions
corresponding to each flow angle were computed. That is, for each
Now angle theoretical pressures were crealed to serve as
“messurements”, and velocilies were resolved (via interpolation
and iteration) using dynamic calibration information (spanning the
+/-30 envelope in 10 increments) based on the same (heoretical
solution as was used to compute the “measurements™. These
results, which are presented in Table 2, are indicative of errors
associated with the method being used (i e. interpolation or
iterstion) since no experimental data was involved in their creation

4.2 WITH SHIP MODEL WAKE DATA

Bih the purely empirical interpolation procedure and the

s :mi-empiricsl iteralion procedure were used Lo process wake
survey data for a twin screw vessel with vertical bossings (see
fFigure 15, 0 degrees is directly “up” in this figure). The plots In
figure 1S correspond to measurements obtained with pitot tube #4

5.0 _CONCLUSIONS

For the most part, the empirical interpolation procedure and the
semi-empirical iteration procedurs performed equally concerning
fow angle determination However, velocity magnitudes were
systematically overpredicted by the interpolation procedure. In
comparison, velocily magnitudes were predicted well with the
iteration procedure, with a slight tendency toward overprediction.
Therefore, attention to nonlinear behaviour is necessary for the
sccurate prediction of velocity magnitudes from pitot tube pressure
data. The semi-empirical iteration procedure appesrs to be
sufficient for this purpose, and may possibly be further improved
through the incorporation of different and/or sdditional tuning
parameters.
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APPENDIX A

POTENTIAL FLOW AROUND A SPHERE IN AN INFINITE
FLUID IN FREE STREAM ORIENTED COORDINATES

Constder potentiatl flow in the positive x direction around a sphere
of radius “r” in an infinite fluid using the flow fixed Cartesian

coordinates shown In Figure 8. Assuming a free stream veloctty
U, the velacity potential "¢ is:

(A1)

From Bernoulli's equation the dynamic pressure "P” at a point on the
surface of the sphere may be found:

PIx.y'.2) = (1/2) p (U2-u2ev2aw2) {A2)
where.

p = fluid density

Wake Profile Results (e

= interpolated data; = jteration data)

and:
v odsox =U + 020330 2re ) (A)
v = db/dy = —(3Ux'y')/(2r2) (A4)
w = drdz = «3Ux2W(2r2) (A5)
on the surface of the sphere:
r= (x'2*y'2*z'2) 1/2 (A6)

From A2, A3, A4, and AS it is seen that:
Plxy2) = (pU2/8r {1802k 2-9x d-gx 2y 29y 22 2509} (A7)

Now, letting

syle 2 (AB)
and
X =rX (A9)
I=rl (A10)
ytelds, upon substitution into A7:
POCL) = (ouZ/8) 18X 2-9x 4-9x 2 2-5) (A1)
1t may be seen from spherical geometry that:
L = sincos™ (X)) (A12)
From A11 and A12 it is seen that:
POC) = (pU2/B)18% 2-9x 4-9x Zsin(cos XS] (A13)

The one dimensionality of A13 arises from the symmetry of the
sphere.
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IN OUR EXPERIENCE: SOME NEW METHODS AND TECHNIQUES

Ryan R Young
Naval Architect

United States Coast Guard Research and Development Center
Avery Polint, Groton, CT 06320

Abstract

Recent tests in the U.S. Coast Guard
Academy's Circulating Water Channel to obtain
the pressure field over the hull of a planing
hull model at large angles of trim, roll and
vaw involved the development of several methods
and techniques of “"tankery” of interest to ATTC
members. Transparent models of a notional
patrol boat design were built using acrylic
plastic sheet materials. Transparent models
facilitate flow visualization and the
determination of the dynamic waterlines under
planing conditions, but involve certain
fabrication problems. A straightforward and
relatively economical method for measuring
static pressures from a large number of ports
was implemented, and Ultra-violet fluorescence
was used to aid photographic recording of the
surface flow patterns indicated by specially
treated tufts.

1.Introduction

A pressure distribution survey is being
conducted by the United States Coast Guard
Research and Development Center as part of a
program of research into the stability
characteristics of High-Speed craft under the
auspices of the Coast Guard's Advanced Mariae
Vehicles (AMV) Project. The principle
objectives of this program are to develop a
better understanding of the operating
characteristics of various AMV's, to aid in
their design, and to anticipate of the need for
new operating techniques and procedures to
assure their their safe use in performing Coast
Guard missions.

The primary purpose of this set of tests
is to obtain pressure distributions and flow
patterns for a notional model of a 100 ft, 100
ton displacement hard-chine planing patrol
boat. Additionally, this experiment was
planned as a complement to a set of rotating
arm and towing tank experiments performed at
Stevens Institute; key parameters were matched
as closely as possible.

rressure surveys of this type have been
performed before, most notable is kapyran
(1955). However, a search of the available
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literature has failed to turn up any
experimental results for deadrise surfaces
heeled and yawed. Indeed, there are only a few
results presented for calculated distributions
in the heeled and yawed condition, although it
is felt that the finite element approach of
Doctors (1975) or Wellicome (1978) could
produce such results, and this will be a
subject of future work in the AMV project.

2.Description of Model

2.1 Lines

The model represents a typical 100 ft
long, 100 ton displacement, planing patrol
boat, with a length to beam ratio of 5, and a
20 degree deadrise vee-bottom hull. A
convenient scale of 1/32 was chosen to keep the
Froude scale speed within the capability of the
channel and to reduce blockage. In order to
facilitate computer analysis, the hull shape
was kept as simple as possible, which also made
fabrication easier. On the other hand, a pure
constant deadrise form, the simplest possible,
was undesirable due to the perception that real
boats don't look like that.

The section plan of the model 1s
presented in figure 1. The model has a constant
deadrise prismatic afterbody and a developable
forebody. The chine heights and the deadrise
distribution of the forebody were taken from PT
boat data ip Clement (1963), particularly the
Huckins data, since that hullform is
developable, and was reputed to have good
geakeeping. The topsides above the chine are
developed using 2 cones, the lower surfaces use
evenly spaced generators arranged to merge the
flat afterbody sections with a conically
developed forefoot, which starts along a
generator line which intersects the centerline
of the hull around station 3, The shape is
very similar to existing single-chine patrol
and crew boats. The wain difference is the
straight buttocks aft of amidships, where most
full-scale craft would be rockered for running
trim ad justment, and to improve low speed
resistance.
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2,2 Construction

The desirability of transparent models
for planing research stems from the need to
record the constantly changing wetted surface.
This can be done using underwater photography,
but this technique is less suitable for a
circulating water chaonel, since we cannot
disturb the flow with underwater cameras,
lights, etc. A transparent model makes it much
simpler to record the spray rovot, the area
wetted by spray, and the immersed area.

In designing models for transparent sheet
materials, their high density and low elastic
modulus should be kept in mind. As an example,
the specific gravity of Plexiglass UVA, a
common acrylic, is 1.19, and the modulus
450,000 psi, as compared to (.71 and 1,600,000
psl for yellow pine. Attention to structural
stiffness prevents heavy, flexible models.
Before using any of the transparent plastics
for the first time, obtain the manufacturer's
design and fabrication data sheets, such as
Rohm and Haas (1984), published by the makers
of Plexiglass, but applicable to any acrylic
material.

For prismatic shapes with no curvature,
it is simple to construct models using acrylic
(Plexiglass is a common brand name),
polycarbonate (LEXAN), or even safety glass
panels, probably in that order of difficulty.
It is the author's feeling that this is the
preferred technique for such simple shapes. If
the model is very large, and the skin
relatively thin, it may be possible to cold
form acrylic, but the minimum bend radius is
about 180 times the thickness of the sheet.
Heat forming is the best way to form non-
prismatic shapes, and the only way to form non-
developable hulls. Instantly, the ecomomics of
transparent models becomes marginal. At the
very least, a male plug must be made to drape
the hot sheet over, and such a plug must be at
least as fair and smooth as a wooden tow tank
model. In this project, it was necessary to
use a male and a female mold cast in plaster,
as well as the initilal wooden plug. Since most
of the work was performed by the author, it is
difficult to estimate the hours that went into
the model (including the first un-satisfactory
attempt), but a guess would be 2-3 times the
hours needed for a wooden model of comparable
quality. Vacuum forming would help speed up the
process, as only a female mold 1s needed, but
at a loss of control over thickness and optical
clarity. The Rohm and Haas data sheet PL-4N
has many valuable details on all aspects of
forming sheet acrylics. Polycarbonates can be
heat formed as well, but at a higher
temperature, and they must be carefully dried
first to prevent permanent hazing and fogging.

If a model is constructed from more than
one piece, it must be glued together. The
changing bevels on a complex model make it hard
to use the common solvent cements, which are
toxic and produce a weak joint which degrades
under long-term exposure to water, There is a
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type of viscous 2-part cement, known by the
trade name Weld-On-40 (see appendix for
sources) which can fill substantial gaps, and
has good strength and water resistance, and was
used for most of the joints on this model.
Polycarbonates cannot be solvent welded, and
the most satisfactory cements are the
isocyanurate or “crazy glue” types. There is
at least one such glue which is gap filling,
called "Super-T".

A balsa wood model was constructed to use
for preliminary experiments in the CWC and to
use as a plug.(Incidently, balsa steam bends
quite nicely using a small travel steamer) A
plaster of paris female mold was then cast from
this plug, and the developed shape of the
panels was picked off using a sheet of mylar
drawing film, avoiding graphical development.

A flexible linoleum material the same thickness
as the hull placting (1/8 in) was used to line
the female mold in order to cast a male mold
which allowed for the thickness of the plating.

After several experiments with heat guns
and a gas-fired pizza oven, a new door was
fabricated for an ordinary household oven,
which allowed the partial insertion of the
precut bottom plating into the oven. An
electric heat gun was used to increase heat
transfer by convection, and the oven racks were
wrapped in fiberglass cloth to prevent marring
of the plexiglass surface. The molds were pre-
heated and greased. To keep the afterbody
perfectly flat, only the forward section of the
plexiglass was heated. Once the plexiglass had
reached a surface temperature of at least 290
deg F, it was draped carefully into the female
mold and the male mold placed on top of it.

The weight of the male mold was sufficient to
keep the sheet from warping as it slowly
cooled.

An annoying property of acrylic sheet is
the lack of control over the bending
properties. A 10 deg temperature change will
produce an order of magnitude change in the
modulus. The material will bend, stretch, neck
down in thickness and nick up the pattern of
whatever surface it is laid against, and then
in less than a minute, it will be rigid.

The formed panels were then cemented to
the frames, which had been previously attached
to the deck (1/4 inch thick for rigidity). The
shape and bevel of the frames was carefully
calculated using the method of Morris (1983) to
account for the plating thickness. The topside
panels had less curvature, and were less
critical; they were heat formed using the
original balsa model as a male mold. Sharp
chines and keels were maintained.

3.Apparatus and Procedures

3.1 Test facility

The investigation was carried out in the
Circulating Water Channel (CWC) of the United
States Coast Guard Academy. This facility and



it's capabilities are described in Colburn
(1981). The facility's 5-axis rudder
dynamometer was modified for this experiment
fitting a camera tripod tilt and pan head to
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the dyno's central shaft. In this series of
experiments, the dyno was not energlzed, and
force or moment data was taken. Hopefully,
this data will be obtained in a later series
experiments, so that it can be compared with
the rotating arm data. The central shaft is
free to heave, and a weight was connected
between the shaft and the fixed framework of
the apparatus to set the unloading force, the
model all-up being slightly over scale weight.
Roll and trim angles were set with the aid of a
digital level. Yaw angles were set using a
vernier indicator on the yaw arm of the
dynamometer. A differential pressure sensor
monitored the speed of the water flow through
the channel's contraction section, and a pitot
static tube meagsured the open-channel velocity.
The depth of in the channel was just under 2
ft, so that the flow was slightly
supercritical, but there was no evidence of
standing waves or a hydraulic jump if the
channel inlet lip and the water level were
carefully adjusted.

no
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3.2 Pressure scanning

The piezometer orifices on the model's
surface were formed by inserting stainless
steel tubes into holes drilled perpendicular to
the bottom and securing them with iso-cyanurate
cement., The model had a total of 91 orifices,
3/64 of an inch diameter. The orifices were
arranged along three major buttocks, one of
whick was 3/32 of an inch in from the chine,
another 1/16 of an inch from the keel, and the
third midway between the model centerline and
the chine. A few auxiliary orifices were
placed in buttocks midway between the major
buttocks, and the arrangement was altered in
the forward sections to account for the
dimunition of beam. The general arrangement of
these orifices is shown in figure 1. The
stainless tubes were plumbed with vinyl tubing
and connected to a model J7 Scanivalve. This
device, familiar to wind tunnel experimenters,
but not common in hydrodynamic testing, acts as
a fluid rotary switch, allowing one transducer
to scan 48 pressure ports sequentially. In
this setup, a modular Scanivalve system was
used, with a motor drive, a slide wire position
encoder, and 2 scanners, for a total of 96
ports (91 taps, 2 static calibratioms, 3
spare). The output from the transducers was
fed to an X-Y recorder, along with the position
information, to form a "square wave” record of
the pressure distribution. The transducers are
differential, single crystal silicon pressure
sensors. A schematic of the system is shown as
figure 2,

This type of pressure scanner has many
other possible uses in hydrodynamic testing.
Wake testing, using several five-hole pitot
tubes could be conducted using only one
transducer, and with a dead weight calibrator
plumbed to one channel of the scanmer, the
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setup would be self-calibrating. Tidal and
estuary models could monitor hundreds of water
levels at a time. Scanning speeds can be as
high as several ports a second. The
manufacturer's literature shows several other
applications, other types of analog and digital
channel indicators are available, as well as
solenoid and stepper motor drives.

3.3 Flow visualization

The flow visualization scheme using
fluorescent tufts was first outlined in Crowder
(1977), and later expanded in Stimeberg (1983).
The problem with tufts is one of visibility; 1if
they are large enough to see easily, ‘hey
disturb the flow. The ultra-violet photography
technique outlined in the references solves
this problem neatly; by causing the tufts to
flouresce, so they appear larger, them
filtering out the ultraviolet illumination, the
only light hitting the film plane is the
visible light emanating from the tufts. This
allows the tufts to be small enough that their
disturbance to the flow is nil. As Crowder
points out, concurrent flow visualization makes
the interpretation of pressure distributions
much simpler (in extreme cases, possible).

It was found that the available nylon
monofilament material (1 1lb test fly fishing
leader) was too stiff to accurately align
itself to the flow at the relatively low speed
of this test, and sewing thread treated with
flourescent dye (Sandoz Leucophor EFR, 100 to 1
in a half vineger, half water solution) was
used instead. At higher speeds, the nylon
materials used by Crowder and Stineberg are
needed for durability. It was found that the
isocyanurate cement used by Stineberg to attach
the tufts "wicked” along the tufts when applied
to the acrylic, and a nitrocellulose cement
used in model airplane construction (Ambroid)
was used instead. Normal acrylic sheet
materials absorb ultra-violet light, and are
themselves slightly flourescent, so the 3/4 in
thick windows in the CWC were replaced with
Ultra-violet Transparent acrylic, and a banmk of
"black light” flourescent tubes illuminated the
test section. The model was also constructed
of UVT acrylic.

3.4 Test Matrix

Using the SNAME recommended right hand
rule co-ordinate system, tests will be
conducted with -5, 0, 5, and 10 degrees of yaw,
0, 2, 4 and 6 degrees of trim, and -10, 0, 10
and 20 degrees o. roll. Eliminating
symmetrical redundancies, this means a total of
64 test rums to be completed. At the time of
this writing (6-30-86) 2 runs have been
completed. All data will be taken at the same
speed, 6.73 feet per second, for a speed
coefficient of 1.5, and a volumetric Froude
number of 1.72. This corresponds to the lowest
speed coefficient to be tested at Stevens, and
is just at the inception of planing lift.
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4. Results and Discussion

4.1 General Behavior

Since the data is but hours old, the
discussion of results must be brief. Only two
complete, reliable runs have been made, one at
zero degrees yaw, 4 degrees trim, and 0 degrees
roll, and a run with 10 degrees of roll and yaw
at the sawe trim. Many other trial runs have
been made at other angles to observe the
system's behavior, but with no data taken.

There have been no surprises with the
behavior of the model in the channel. It is
definitely gaining dynamic 1ift at the speed
tested, as seen by a rise in the CG. Yaw alone
reduces 1lift considerably for a given trim,
leading to drafts below the still water level,
but accompanying roll with yaw, as would be
seen during a full-scale maneuver, restores the
dynamic 1ift. The model planes with it's
chines wet at all attitudes examined so far,
although the transom is clear. This wetting of
the inside chine (I.E. the starboard chine for
a turn to the right) may produce negative
pressures in the topsides as the water flows

over the chine, unfortunately, there are mno
ports in the area in question.

The wake of the model at high angles of
yaw is deflected off the channel walls less
than a boat length behind the model, leading to
& susplcion thai there may be some disiuption
of the flow field around the model. A smaller
model might alleviate this problem, but the
pressures would also be smaller, and the ports
harder to accurately locate.

4.2 Flow Visualization

While photographs of the flow patterns
observed during the completed tests are not
availabie at the time of this writing, some
discussion of the results can be made. The
patterns seen during upright running very much
resembled those shown in many refereaces on
planing flow. The results from the yawed and
heeled case were instructive. In general, the
flow along the hull aligned itself much more
along the buttocks than would be imagined.
Restated, there is little evidence of flow
across the breadth of the hull when yawed and
heeled except in the area near the keel, where
there is strong cross flow. No evidence of
separation was noted, although further
examination might reveal areas of separation.

4.3 Pressure Distributions

A presentation of even the skimpy data
collected thus far would be far to lemgthy for
this paper, however, fig 3 gives a feel for the
distributions. The section in question is just
forward of amidships, and has very little
curvature, as it is just starting the
transition from the prismatic afterbody to the
developed forebody.
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The upright distribution shows
qualitative agreement with the results of
Kapyran (1955). The heeled and yawed results
show the effects of the increased local angle
of attack of the port side, and the suction
created on the starboard side. It's
interesting to note the high positive pressures
at the starboard chine, and the difference in
pressure between the 2 centerline ports, which
seems to rerflect the cross-flow noted by the
flow visualization tufts. Overall, the pattern
on each side seems to follow the same trend as
the upright case, I.E. rising roughly
parabolicly to a high at the chines.
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Sources of Supply

Aircraft Spruce and Specialty, Box 424,
Fullerton, CA 92632 (Super T)

Industrial Polychemical Services, P.0O. Box 379,
Gardena, CA 92074 (Weld-Qu-40)

Local Aodak Dealer (Wratten filters for UV
Photography)

Local Plastics distributor (plastic sheet)
Sandoz Color and Chemical (Leucophor EFR)

Scanivalve Corporatiom, P.0O. Box 20005, 10222
San Diego Misson Road, San Diego, CA 92120
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ABSTRACT

A "mini"™ towing tank was established by
installing a towing carriage over an existing
wave flume of 1m x lm x 30m. A mechanical
balance system was designed and built to
measure ship-model resistance for various
speeds. Turbulence stimulation and blockage
effect are considered to calibrate the resis-
tance measurement on a standard Series 60 Block
60 model. A procedure will be developed for
routine ship-model resistance tests., Instru-
ments for seakeeping experiments and using
micro-computers for data acquisition and con-
trel are being devised, The tank can be used
for class demonstration and research projects
for students in the Naval Architecture and
Ucean Eungineering Program at TUNS.

1. Introduction

With the establishment of a graduate
program of Naval Architecture at the Technical
University of Nova Scotia (TUNS), a hvdro~
dvnamic experimental faciltiy was deemed
necessary to support the teaching and research
efforts, However, with the limited funding
situation, building a towing tank test facil-
itv of proper size was impossible at the time,
Attention has been turned to the utilization
of the existing facilities on campus. In the
Hvdraulics Laboratorv of TUNS, there is a con-
crete wave flume of lm x lm x 30m (Fig, 1). A
hinged flap-tvpe wave-maker at one end of the
flume (Fig., 2) can generate regular waves of
a height up to 0,3 m. It has been used for
various test related to waves.

In the past, the secoud author super-
vised a group of senior mechanical engineering
students to design and construct a towing
carriage and rail system (Fig. 3) over the
wave flume as a senior design project [1].

The measuring devices were not developed then.
Later, a simple strain-gauge resistance
dvnamometer was installed. A standard 0.61lm
(2 ft,) Series 60 Block 60 model was built

for tests and calibratioa. However, the

electrical recorder picked up an excessive
amount of noise. This led to the current
design of a mechanical resistance dvnamometer
(Fig, 4).

2. Towing Facility

The basic structure of the towing
faciiity is the carriage and rail assembly,
The carriage provides the support structure
for the model, measuring devices and driving
unit., The carriage, instead of being towed
by a cable svstem is self-propelled and
driven bv a 0,25 horsepower DC motor. It can
reach a maximum velocitv of 2,44 m/sec (8ft/
sec), and sustain a maximum model resistance
of 9.1 kg, (20 1bs.). The motor control unit
permits the carriage to be run in both for-
ward and reverse directions at the same speed
with a maximum acceleration or deceleration of
1.22 m/sec? (4ft/sec?) to reach the designated
operating speed, It has a brake mode, which
causes the driving motor to act as a braking
generator and to brake itself effectivelv,
thus eliminating the need for mechanical
braking. Moreover, a limit-switch is
installed at each end of the carriage. The
driving motor is switched off automaticallv
at the end of the rail or when an obstacle is
encountered by the carriage. The control unit
also operates with a feedback sensing svstem.
This permits the operator to select an
operating speed and have the carriage speed
remain constant even though the load mav be
fluctuating.

The self-propelled towing carriage
requires the installation of a power cable
system to provide DC current to the motor.
The cable system is mounted, or hung on small
trolleys on a tracs which is parallel to the
rails. The cable is towed or pushed by the
carriage as it moves in the forward or re-
verse directions. As shown in Fig. 6, looped
flat cables run on small trollevs inside the
square tubing., The flat cable has 25 wires
containing both power and data transmitting
channels.

The rails are standard steel channels,
designed to be mounted along one of the
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flanges on a double nut arrangement for

level adjustment (Fig. 7). The upper flange
is the supporting surface for the carriage
wheels, and the outside surface of the web is
for the guide wheels, The two running sur-
faces are machined to meet the required
smoothness in order to ensure proper operation
of the towed model and to reduce unnecessary
mechanicl noise while taking measurements.
The rails are supported every 0,508 m (20")
along its 27.43 m (90') except at the viewing
port. The support plates are epoxied to the
top of the cement tank walls,

3. Resistance Dynamometer and Resistance Test

A mechanical resistance dvnamometer has
been designed and constructed to be installed
in the carriage as shown in Fig, 4 and Fig. 5.
It is a very simple design as suggested in
Ref. [2] with a diamond-shaped balance system.
The measured resistance is balanced by a cal-
ibrated spring and is measured on the record-
ing drum. A balance weight svstem can be used
to adjust for large resistance offsets,

A 0,6l m (2 ft.) Series 60 Block 60
model was build for test and calibration. The
model was first run without turbulance stimu-
lation, In the later runs, a 0,3175 cm (1/8
inch) rod was placed about 5.08 cm (2') in
front of the model as the turbulance stimula-
tor [3]. The test results are shown in Fig.,
8. 1t has been found that the blockage
effect [4] is minimum for the model of such
size, and that the dicrepancy between test
results will be mainlv due to the measurement
error and scale effect of the "smallness" of
the model.

4. Concluding Remarks

A "mini" towing tank facilitv has been
established at the Technical Universityv of
Nova Scotia by installing a self-prcpelled
carriage and rail assemblv over the existing
wave flume. A 2 ft., Series 60 Block 60 model
has been emploved to calibrate the resistauce
measurements of the "home made'' mechanical
resistance dynamometer. The initial tests
(Fig. 8) have shown less than satisfactory
results, The next step will be to increase
the model size to say 3 ft. (.914 m), to
reduce the scale effect, The blockage effect
then may have to be included for consider-
ation. Eventually, a reliable test procedure
will be implemented for routine ship-model
resistance tests,

Instruments for seakeeping tests are
being developed, and improvement of the wave-
generator is under consideration. Data
acquisition and processing will be bv micro-
computer, The micro-computer will also be
employed to control the carriage and the wave-
generator, This "mini" towing tank facilitv
can be a very practical and useful tool for
class demonstrations and research projects for
the Naval Architecture and Ocean Engineering
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Program at TUNS.
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ANALYTICAL APPROXIMATION FOR STEADY SHIP WAVES
AT LOW FROUDE NUMBERS

by

Francis Noblesse
David Taylor Naval Ship R&D Center
Bethesda, MD 20084

ABSTRACT

A simple analvtical relationship between a ship-
hull form and its steady far-field Kelvin wake is obtained
by considering the low-Froude number limit of the
Neumann-Kelvin theory. In particular, this relationship
predicts the occurrence of a sharp peak in the amplitude
of the waves in the far-field Kelvin wake at an angle. a,
from the ship track that is smaller than the Kelvin-cusp
angle of 19°1/2 for a hull form which has a small region
of flare and is wall sided elsewhere, if the Froude
number is sufficiently small. An explicit relationship
between the angle, . between the ship track and the
tangent to the ship mean waterline in the region of flare
and the corresponding **wave-peak’” angle a in the
Kelvin wake is obtained. For instance, this relationship
predicts the occurrence of a sharp peak in wave
amplitude at an angle o in the Kelvin wake equal to 147
tor a hull having a small region of flare within which the
waterline-tangent an_ ¢ is approximately equal to either
307 or 74°. This theoretical result may explain the bright
returns that have sometimes been observed in SAR
images of ship wakes at angles smaller than the Kelvin-
cusp angle. The low-Froude-number asymptotic analysis
of the Neumann-Kelvin theory presented in this study
also predicts that the wave-resistance coefticient is O(F ™,
where F is the Froude number, for a ship form with a
region of flare, O(F%) for a ship form that is wall sided
everywhere and has either a bow or a stern (or both) that
is neither cusped nor round, and O(F®) for a wall-sided
ship form with both bow and stern that are either cusped

or round.
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1. INTRODUCTION

It has been observed, see for instance Fu and Holt
(1982) and McDonough et. al. (1985), that SAR
(Synthetic Aperture Radar) images of ship wakes
sometimes reveal bright returns along rays at angles from
the track of the ship smaller than the Kelvin-cusp angle
of 19°1/2. A plausible explanation for these surprising
observations was proposed by Scragg (1983) who
considered a simple ship bow form with large flare for
which he found that the zeroth-order slender-ship
approximation to the far-field wave-amplitude function
given in Noblesse (1983) predicted a sharp peak in the
value of the amplitude of the divergent waves at an angle
trom the track of the ship equal to approximately half
the bow entrance angle. This numerical result of Scragg
was confirmed by Barnell and Noblesse (1986) who also
found that the peak in the amplitude of the divergent
waves becomes sharper as the value of the Froude
number decreases, and thus suggested that the occurrence
of a sharp peak in the amplitude of the far-field Kelvin
waves was a large-flare low-Froude-number feature.

The numerical studies of Scragg and of Barnell
and Noblesse are based on two simple approximations to
the far-field wave-amplitude function, namely the Michell
thin-ship approximation for which no peak was found
and the zeroth-order slender-ship approximation which
exhibited a peak as was already noted, so that it is not
clear from these studies whether a more realistic
mathematical model for the far-field wave-amplitude
function, such as that provided by the Neumann-Kelvin

theory, would also predict the occurrence of peaks in the
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amplitude of the far-field Kelvin waves. Furthermore, the

numerical results obtained by Scragg and by Barnell and
Noblesse correspond to a particular ship form and thus
provide little physical insight into the origin of the
predicted peak in the amplitude of the far-field Kelvin
waves, specifically the manner in which such a peak is
related to the shape of the ship hull.

A complementary analytical study of the low-
Froude-number limit of the Neumann-Kelvin theory for
an arbitrary ship form is thus presented here. This
asymptotic analysis of the Neumann-Kelvin theory
provides a simple analytical relationship between a ship-
hull form and its steady far-field Kelvin wake. In
particular, this relationship predicts the occurrence of a
sharp peak in the amplitude of the waves in the far-field
Kelvin wake at an angle, a, from the ship track that is
smaller than the Kelvin-cusp angle of 19°1/2 for a hull
form which has a small region of flare and is wall sided
elsewhere, if the value of the Froude number is
sufficiently small. A simple explicit relationship between
the angle, ¢, between the ship track and the tangent to
the ship mean waterline in the region of flare and the
correspending wave-peak angle o in the Kelvin wake is
given and depicted in Figure 3b. For instance, this figure
predicts the occurrence of a sharp peak in the amplitude
of the divergent or transverse waves at an angle o in the
Kelvin wake equal to 14° for a hull having a small region
of flare within which the waterline-tangent angle ¢ is
approximately equal to 30° or 747, respectively. This
analytical result may explain the bright returns that have
sometimes been observed in SAR images of ship wakes
at angles smaller than the Kelvin-cusp angle.

The low-Froude-number asymptotic analysis of the
Neumann-Kelvin theory presented in this study also
predicts that the wave-resistance coefficient is O(F3),
where F is the Froude number, for a ship form with a
region of flare, O(F*) for a ship form that is wall sided
everywhere and has either a bow or a stern (or both) that
are neither cusped nor round, and O(F®) for a wall-sided
ship form with both bow and stern that are either cusped
or round.

More precisely, the low-Froude-number asymptotic
ipproximation (50} to the far-field wave-amplitude
function K(t) shows that the main contributions to the

function K(t) stem from several particular points on the
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mean waterline. These are the bow and the stern, on one
hand, and (usually but not always) one (or several)
point(s) of stationary phase. Indeed, the number of these
points of stationary phase, and their position on the
waterline, depend on the value of t and on the shape of
the waterline. The first two terms in the low-Froude-
number asymptotic expansions for the contributions Kgs
of the bow and stern and the contributions K_ of the
points of stationary phase in equation (50) are given by
equations (51)-(55) and (59)-(62), respectively. The
second-order terms in these asymptotic expansions are
defined by complex expressions. However, the first-order
terms provide simple approximations defined explicitly in
terms of the geometrical characteristics of the hull and
the velocity componend, in the tangential directions U and
n x Tto the hull (see Figure 2). In particular, these low-
Froude-number asymptotic expansions show that the
contributions Ky and Kq of the bow and stern are O(1)
except if the bow or stern is cusped or round, in which
case we have Kg g = O(F?). The contribution of a given
point of stationary phase is O(1 ‘F), and thus is
dominant, if the hull has flare at this point; otherwise,
that is if the hull is wall sided at the point of stationary
phase, its contribution is O(F). The low-Froude-number
approximation (50) also shows that we have K(t) =

O(l t3) as t — oo In fact, this result is valid for any
value of the Froude number.

The latter result implies that the lines along which
the steepness of the short divergent waves in the far-field
Kelvin wake takes given large values, say 1.7 and 1185,
are parallel to the ship track. as was found in Figure 21
of Barnell and Noblesse (1986) by using the Michell thin-
ship approximation for a simple ship form. The
Neumann-Kelvin theory therefore predicts that the far-
field Kelvin wake coniains three distinct regions: (i) a
narrow constant-width inner region bordering the track
of the ship where no divergent gravity waves can exist.
(1i) an outer region where the usual transverse and
divergent waves are present, and (iii) an intermediate
region at the boundarv between the inner and outer
regions where short steep divergent waves can be found.
In reality, surface tension and possibly also viscosity
must evidently be taken into account in the vicinity of

the track of the ship.
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2. STATIONARY-PHASE APPROXIMATION TO
THE FAR-FIELD KELVIN WAKE

The far-field Kelvin wake may be convenientiy
analyzed in terms of the nondimensional far-field
coordinates (¢.n.8) = (X,Y,Z) 2/U?, where g is the
gravitational acceleration, U is the speed of advance of
the ship, and (X,Y.Z) are dimensional coordinates. The
mean free surface is taken as the plane { = 0, with the
¢ axis pointing upwards, and the £ axis is chosen along
the track of the ship, that is in the ship centerplane, and
pointing towards the bow. The origin of the system of
coordinates is placed within the ship.

Equations (4), (3a), (7) and (8) in Barnell and
Noblesse (1986) yield the following expression for the
elevation ¢ of the free surface at a sufficiently large
distance behind the ship, such that nonlinearities may be

neglected:

rilen) = R"/om E.~E KM (1+1) 2qt, m

where K(1) is the far-field wave-amplitude function and

E . is the exponential function defined as

E:(l;é.o) = exp [i&6 (t:0)]. 2)

with the phase-function 8, and the parameter o defined

as
f.(o) = (1ol +tH)! 2, 3
o = n(-4. (4)

For a ship with port- and starboard-symmetry, as is
considered here, the Kelvin wake is symmetric about the
ship track n = 0. We may then restrict the analysis of
the Kelvin wake to the quadrant n 2 0, £ < 0 and
assume o 2 0. Let o be the angle between the track of
the ship and the line joining the origin of the system of

coordinates to the observation point (¢.n). We thus have

a = tan "o (5

A far-field asymptotic approximation, valid as §
- to the wave integral (1) may be obtained by
applving the method of stationary phase, as is well
known. The result of this classical asymptotic analysis
may be found in Barnell and Noblesse (1986), for
instance. Specifically, equations (28), (24a), (20b), (25a-d)
and (26a-d) in this reference yield

{ 8V 2ta) ~ Re
{A K _)exp [i(20 _ —n/4))

+ A K ) exp (20, +n/4)}} as & = —oo, {6)
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with 0 € 2 <tan~ 127 %% ~ 19°28",

where t (a) are the values of t for which the phase-
function 6 _ (t;a) is stationary, O,(a) = 6,0,:a)
represents the corresponding values of the phase-function
6, (t;a), and A (a) is the function defined as A (a) =
QA1 +1 21 2/[%6° (1)) 2. The functions t(a),
©,(e) and A (o) are given by

t{a) = [12(1 - 801} %) /40, M
0 (a) = [3%(1-80%)i'}

{1+ 4a?+(1 - 809! 217 1/21 280, (8)
A (@) = [1+402=(1 -80%)! P2l s,

an' 263 31 —802)' 4‘ 9)
where we have
¢ = tana (10

as is given by equation (5).

The far-field asymptotic approximation (6) shows
that the wave pattern at anv point (£,a), with § « -1
and 0 € o < 19°28°, consists in two elementary plane
progressive waves, so-called transverse and divergent
waves, as is most well known. The wavelengths 4, and
the directions of propagation 3., measured from the
track of the ship, of the transverse (A_,8_) and
divergent (A _ .8 ) waves at an angle o from the track of
the ship are given by
Ata) = 2! 216no (35(1 - 80%) 7

[1=40°+(1 — 80! Y1 2, (n

f.a) ~ cos” '{2! 220/[1 + 40*x(1 - 80! 7} 2} (12)
We have

124 2022324_/2n20and ay
0<p_ <sin M3t ) 35%16 <. <907, (14)

Equation (6) shows that the amplitudes of the
transverse and divergent waves in the Kelvin wake are
asymptotically equal to A, K(t:)‘/( —g)l Tag k= —oo.
The steepnesses, say s, of these waves then are given by
s, = A:‘K(t!)\/ktuz)‘

2 We then have

(-8 %5 (ka) v S_K(t,) as & = —oo, (s
where the functions S, (a) are defined as S_(a) =

A (a)/ A (a). Equation; (9 and (11) then y;eld

S,(a) = (3%(1 - 8% I (1 - 4dox(1 -80%)! ' 2
[1+40%+(1 ~ 8o P 472V 46and 267 21 -RoH 4. (1)
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Equations (7), (8), (9), (10) and (16) show that we

have

t.=0,06_=1,A_ = @@mb? (17a,b,c)
and S_= 172232 for o = 0, (17d)
t,~ 1/2a, 0, ~ 1/4a, A ~ 1/2n 2032 (18a,b,¢)
and S, ~ 1/16n* 2" 2 as a — 0, (18d)
i, = 172"7and @, = 3G, 014 (19a,b)

for @ = tan " 1(1/23°%) ~ 19°28",

A, ~ 3t 261 (1 - 807! 4 and (19¢)
S, ~ 94’ 26! 41— go%)! (19d)
as @ = tan” 1(1/23°2),

The stationary-phase values t_(a), the phase-functions
9, (a}, the amplitude-functions A_(a) and the steepness-
functions S_(a) are depicted in Figures la and 1b, which
correspond to the transverse and divergent waves,
respectively.

It may be seen from these figures and from
equations (19c) and (19d) that the amplitude-functions
A (o) and the steepness-functions S.(a) are singular at
the Kelvin cusp line 0° = 18, a = tan " '(142) 3) &
19°28", in accordance with the well-known fact that the
asymptotic approximation (6) is not uniformly valid at
the boundary of the Kelvin wake. A complementary
asymptotic approximation, expressed in terms of Airy
functions, valid at and near the Kelvin cusp line is given
in Ursell (1960) for the particular case of the Kelvin wave
pattern due to a concentrated pressure point at the free
surface. However, Ursell’'s mo.¢ complex asymptotic
approximation will not be considered here because the
simple asymptotic approximation (6) is little affected by
the weak singularity (1 — 802 ~1* for points (&,a) inside