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Propulsor Hydrodynamics
by Michael Schmiechen, Berfin

Abstract

Based on results of earlier systematic tests wittueted propeller a rational theory of propulsioash
been conceived since 1968, explicitly since 198@rms of an axiomatic theory of hull-propellerant
actions, and has been developed over the pastyieatyears until now. As neither propeller design
nor powering prediction belonged to the dutieshaf author at VWS, the Berlin Model Basin, the whole
development took place beside the 'mainstreans, pleumitting to shed light on that stream and tits f
ture developments.
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quasi-steady trials, METEOR: full-scale tests awdls effects, propulsors as pumps, design not(!) fo
thrust

Experience

It is a great honour and privilege to be invited ttus theme lecture on Propulsor Hydrodynamicse Th
session will cover a wide variety of propulsors andny of their aspects in detail. The purpose &f th
talk, as | understand it, is to provide some gliises and perspectives, which will protect us frgetting
lost under way.

The perspectives are clearly the personal viewhefauthor on the future developments based ow fort
years of experience at VWS, the Berlin Model BaSimce 1903 until the end of the war VWS has been
the German navy tank, being completely destroyethguhe war, and later rebuilt as an institut@ome-

ing to the city of Berlin, doing navy work only setly, as secret as possible under Russian eyés: Af
the unification of Germany VWS became part of tleehinical University of Berlin and has finally been
closed down at the end of the year 2001.

The author has gained further experience in tlegnational community, the ITTC in particular, sieays
as secretary of the Executive Committee (Schmieckken(Editor): Proc. 13th ITTC Berlin/Hamburg,
1972) and fifteen years on the Symbols and Terrm@olGroup (Schmiechen, M. (Editor): ITTC Sym-
bols and Terminology List, Version 1993. San Freowi1l993).

Clearly experience and tradition are not very igéngper se especially if somebody or even whole
generations do the wrong things for decades. Saotibelief anybody, not even me, but stick to tloe s
gan of rationalismsapere audedare to think yourself.

My first tasks at VWS have been systematic testis aiducted propeller, 1961, as well as theoreiizal
vestigations of unconventional propulsors. Theskstdorced me to reconstruct the basic theory of pr
pulsion from first principles. My results on hullict interaction contradicted the deeply rooteddbglof

my director and my supervisor so much that the ntegwas not registered as a VWS Report proper and

! Prof. Dr.-Ing. M. Schmiechen, until 1997 Deputyrdior for Research and Development of the Ver-
suchsanstalt fir Wasserbau und Schiffbau, theBbttdel Basin, earlier the Royal Prussian Navy Tank
and Professor for Hydromechanical Systems at thtitute for Naval Architecture and Ocean Engineer-
ing of the Technical University Berlin.

Address: Bartningallee 16, D-10557 Berlin/Germdpiyone: +49303927164, E-mait.schm@t-
online.de, Website www.m-schmiechen.homepage.t-online.de
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vanished in the basement. Although dismantled am @uperstition the professional 'principles' of m
director and my supervisor are still around.

Based on this experience my rational theory of pisipn has been conceived years later, since 1968,
explicitly since 1980, and developed over the tasity five years until now. As neither propell&sdyn

nor powering prediction belonged to my duties atriodel basithe whole development took place be-
side the mainstream, thus permitting to shed lmgyntthat stream and its future developments (Feyera-
bend).

A consequence of the traditional practice is aofotonfusion. Ernst Mach, 1896: "... als Forschungs
Mittel ist jede Vorstellung zulassig, es ist abethwendig, von Zeit zu Zeit die Darstellung der +or
schungs-Ergebnisse von den uberflissigen unwedwsliZuthaten zu reinigen ..." (‘... asn@ansof
research any conception is acceptable, but itéesgary from time to time to clean tlesultsof resarch
from unnecessary additions ..."). Mach was not tts, fio point out the necessity of intellectual ieye,
but the influence of his work on all heroes of mwdgcience has been over-whelming.

Ship theory/Systems theory

There will be hardly any time to go into the detaf the underlying philosophy although it has pltay
and continues to play a dominant role in the wdrthe author. Only so much: Propulsor hydrodynamics
is embedded into ship theory and, even more blagiromechanical systems theory, a subset of chdssic
mechanics. And: The concepts of ship theory hasarlgl to be distinguished from their interpretasiom
terms of results of hydrodynamical experiments,satat and/or numerical.

If we do not understand the purpose and workingciple of a propulsor, how can we possibly talkw@bo
propulsor hydrodynamics? Similarly we have to hawexdequate concept of resistance of real shifis, wi
propellers and in wind and waves, and a practieal o provide its operational interpretation. Tisishe
lesson naval architects can learn from Einstein.

The motto of this lecture is taken from Paul Fegeral, 1965: 'Immediate plausibility and the agregme
with the usual jargon indicate - far from beinglpbophical virtues - that not much progress has bee
achieved or will be achieved.'

Buckingham's M -Theorem

We are solving our problems by more or less invibl@dels. Before talking about special models Il wil
mention some general conditions these models meset.rm order to be useful for the description lof o
jective relationships the models must be invariaith respect to changes of units. Buckingham's Pi-
Theorem is the expression of this meta-principliek{®ff, G.: Hydrodynamics. A study in logic, faahd
similitude. New York: Dover, 1955; pages 77-90)lIGqguially it is referred to as dimensional anadysi
figure 1, slide 12.

An important, often forgotten observation is tHa theorem says nothing about the humber and tiype o
parameters to be chosen and the format of theifumcthis information is a matter ekperiencgpast or
present, not necessarily of hydrodynamics. Therpetars can be changed to others, amounting to a
change to oblique coordinates in logarithmic scadthough everybody learns this at school, haatiy-
body draws the conclusions.

The reduction in the number of parameters by thpggears to be large, but the number of mostly geo-
metrical parameters, necessary to describe a hysiwanical system, is usually very large. As a conse
guence aggregate or global parameters, typicdilfracteristic' lengths are of interest, usuallyadten of
more, mostly less educated guess work trying tizipate the results of the tests to be performed.
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Example: Speed trials

Often the situation is even simpler and the probé¢rhand can be solved pragmatically. Let us censid
as a simple, but most fundamental example, the pogvperformance of a ship at given loading condi-
tion and speed; figure 2: slide 15, figure 3: slide figure 4: slide 17.

And Buckingham's theorem says nothing about theegabf the parameters. This is a matter of experi-
ments.The few parameters of the model can be identifiechfthe few data usually obtained during tra-
ditional steady speed trials. The slide shows #sellts of the evaluation of the data provided \wlit
example in the recently internationally agreed dad ISO 15016: 2002-6; figure 5: slide 19.

Only after the acceptance of ISO 15016: 2002-0p #eoreticians and model basins appear to realise
that they have for incredibly long time completaglected the most fundamental problem of ship the-
ory, the evaluation of the performance of shipseurskrvice conditions. Besides a paper on the tEval
tion of the Service Performance of Ships' by Pontlérsen, Anne Sophie-Borrod and Hervé Blanchot
(Marine Technology 42 (2005) 4, 177-183), eviderdijven by Kappel's 'enthusiasm’, MARIN at
Wageningen has started a new JIP (Joint Indusuje&) 'to bring sea trials up to speed' (RepaptS
2005, no. 86, 16).

ISO 15016: 2002-06

The important observation is that contrary to tlmpresults of the standardised practice of ourrgia
fathers based on hydrodynamic considerations thimal evaluation of speed trials provides perfect
results without any reference to hydrodynamicsaly anention that the same methodology can be used
to determine the performance at no wind and no siave

The analysis can be greatly improved if it is nasdd on obscure averages, but on the quasi-instant-
aneous values preferably of quasi-steady testsiding for variability and not suppressing all nedat
information as is done in traditional steady spiests.

The international agreement has been reached glthihie foregoing results have been communiciated
time to all organisations and bodies involved. Only Kerean colleagues have opposed the new stan-
dard, but for the wrong reason. They wanted tmdhice more hydrodynamics, an even more fancy sea-
keeping theory 'based' on shaky grounds, the @atimates of the sea state. The failure of thetivadl
method confirms a basic rule in hydromechanicakexrpents:f the flow velocity has not been estimated
correctly you can safely forget everything efégure 6: slide 23.

This very simple, but fundamental example cleatpves that the present, very involved practice is
largely based on superfluous assumptions, to puildly. But who likes to be told that his deepboted
beliefs are plain superstition? So far | have net mnybody, including myself! But some colleagues
started to use the procedure proposed. The lastidetd a chance to evaluate are those of triata f
ship with adjustable pitch propeller tested inMermara Sea.

Trial codes

During the period of the 23rd ITTC apart of the Rrlsion Committee three Specialist Committees have
been dealing with matters of propulsion: Speed Rodering Trials, Procedures for Resistance, Propul-
sion and Open Water Tests, Validation of WaterggtProcedures.

The report of the Specialist Committee on SpeedRoering Trials provides a comparison of all frial
codes currently in use. The method proposed has teesidered as "a category by itself. It does not
really follow the same format as all the other methand hence was not used in the comparison of fac
tors reviewed in each method?urposely it does not follow the same formfattording to my experi-
ence and to the ISO example the problem is not sohno analyse random errors, but the dominant
problem is still to avoid conceptual and systematiors.
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To my big surprise the Specialist Committee on 8ps®l Powering Trials has been discontinued. Evi-
dently the governing bodies of ITTC 'felt' that ptbblems have been solved, at the same moment mem-
ber organisations and other bodies concerned yistdted to be concerned. On the other hand a&pec

ist Committee on Powering Performance Predictios Ieeen established, charged with the task which
traditionally has been the essential task of tlep&#sion Committee anib which | will turn shortly.

Inspectional analysis

Not all problems are as simple as the evaluatiospegd trials. A rational procedure to arrive psefen-
ally, without guess work at formats and parametdrthe unit-free function is to adopt axiomatically
some simple, though adequate, sufficiently richrbgtechanical model and to perform an 'inspectional’
analysis (Birkhoff).

The important observation is that the theory iesally a normative theory, models unfolding regemre

tation spaces, the parameters being the 'coordlr@dtthe systems considered. When | tell hydrodyna
cists that their only task is to identify the valus the parameters defined by ship theory, thegiction is

usually quite emotional. This reaction does nongeathe situation, but supports my argument.

Identification of parameters

Identification is essentially a matter of experinsemither physical or computational, and theidgation
as in the foregoing example. The important poirih& these sub-tasks can be performed profeskipnal
preferablynot by hydrodynamicists.

To put it bluntly:There are too many hydrodynamicists in towing tairkgiew of this fact the ITTC had

a hard time finally to come back to its originabkato agree on standard procedures. As a major
achievement the Quality Systems Group has establishquality manual in accordance with ISO 900x
under its chairman Strasser, SVA Vienna.

In line with the reorientation of ITTC the Propulsi Committee of the 24th ITTC 2005 was charged
among others with the task to "... Monitor and folltdve development of new experimental techniques
and extrapolation methods. ... Review the ITTC Recondwad Procedures, benchmark data and test
cases for validation and uncertainty analysis godiate as required. Identify the requirements fav ne
procedures, benchmark data, validation and unogytainalysis and stimulate the research necessary f
their preparation.”

My point is that the uncertainty analysis is cpoesterior.In future much more work has to be done along
the conceptual lines | am sketching today.

Hull-propeller interaction

Again | shall provide an example of fundamental ami@nce to our profession, further analysis of the
powering performance, of hull-propeller interacian particular, required for the powering perfonoa
predictions. Without going into the details | shedhn through the theory in order to provide somekb
ground for the discussion of the results in paldicand in general.

Required is a more detailed model and the acouisitf additional data, namely thrust data, necgssar
for the identification of the additional parameteffie most convenient way to generate an adequate
model isthe axiomatic use the hydrodynamic theory of igwapulsors in ideal displacement and en-
ergy wakesUp to now this has been done implicitly, rathagwely.My suggestion is to do it explicitly.

This model provides for conventions, which are igipbr coherent definitions of the hull resistarafea
ship with propeller and the propeller advance spedte behind condition. Again hydrodynamicists ar
up-set by this crude, mechanical engineering usbeif sacred science. But this is the only ratiovey
to solve the problems at hand: to replace hull ngviests and propeller open water te$tsese tests, if
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performed in case of advanced hull propeller camfgions, provide useless data and, most impor-
tantly, they cannot be performed on full scale ursgevice conditions.

Momentum balance etc

The first basic equation is the momentum balarigeré 7: slide 36. In view of the limited varialyliof
the data often the quadratamcal resistance law with only three parameters maydopted. If the tests
cover a wider range there is no problem to gerserdtiis 'law' appropriately.

The thrust deduction fraction is a function of thkative velocity increase, the vorticity paramegefunc-
tion of the jet efficiency, the inverse measurdhaf propeller loading, the first fundamental andvem-
ient parameter, and a second fundamental parathetetisplacement influence ratio, different at mode
and ship due to scale effects; figure 8: slide 37.

Evidently there is no way to arrive at the functimn'induction’ based on results of experimentsin@ir-
est is the global approximation leading to the gilale thrust deduction axiom, a relationship betwee
thrust deduction fraction and jet efficiency; figd: slide 38. Even this simpler function is unkngdue

to the fact that the displacement influence ratlors not occure in the traditional analysis of hawehi-
tects.

The four parameters introduced are obtained adi®olaf a system of linear equatiopsovided the jet
efficiency has been determined befdkad this problem can be solved as follows.

Energy balance etc

The second basic equation is the energy balanatdgoropeller with the ‘ideal’ or jet efficiencydathe
‘hydraulic' or pump efficiency; figure 10: slide.39sually naval architects do not separate thefseest-
cies, although only the pump efficiency permitguiige the quality of the propulsor.

The jet efficiency is a function of the apparerag®ller load ratio and the apparent propeller igfficy,
both obtained from measured magnitudes. SolvingHerwake ratio results in a first function for the
wake; figure 11: slide 40.

From the 'plausible’ wake axioms and the furthéoraxconcerning the pump efficiency in the range of
interest the second function is obtained; figureslide 41.

Equating the two functions results in a non-lineguation for the parameters to be solved itergtivasi-
ter the solution has been reached all poweringopmdnce parameters may be determined in the rdnge o
observed hull advance ratios.

A 'model test

Results of a quasi-steady model test, figures 1B8toslides 43 to 48, obtained accordingly havenbee
compared with results of a corresponding traditiGteady tests, evaluations based on hull towirdy an
propeller open water tests; figures 19 to 26: slidi@ to 57.

Thus the coherent model and the coherent set afat#tined from a quasisteady model test of ondy tw
minutes duration permit to identify coherent resltt a wide range of propeller advance ratios. This
technique is the only meaningful in case of wakapaed propellers, pre- and post-swirl configuratjon
partially submerged propellers etc. The paper ofiker et al is concerned with the importance ofezeh
ent measurements in the context of cavitation aedsorre fluctuations.

At low propeller loading the losses at additionaifaces of pre- and post-swirl systems out-baldhee
gains. Thus only 'contra’-sterns and -rudders rigmuno extra surfaces offer 'real’ advantagesoigethe
war already thirty percent of the tonnage wasditngth ‘twisted' sterns and rudders. Since the ewah

generation of naval architects has re-inventeddba, but | have not heard of routine applicatighper-

fect engineering solution is the new Becker rudder.

MS 06.12.05 09:59 h



MAHY 2006: Schmiechen: Propulsor Hydrodynamics 6

History and future

Horn's early attempts in 1935/37 to solve the mobbf wake for such configurations suffered from-co
ceptual limitations and deficiencies of the measyand computing techniques in those days. Theg wer
finally disrupted by the war and started anew withaxiomatic theory in 1980. From there on it ton&
twenty-five years of hard work to reach the presg¢atie of maturity.

Anybody, not totally blind on both eyes, will sdwe ttechnological and commercial advantages of the
procedure. For example extended experimental studieessary for the validation of computer codas ca
thus be performegery quickly, very cheaply and, last but not leastst reliably over wide ranges of
parametersNecessary changes of the geometrical paramatees'fmne only real' problem in this context.

Scale effects

The Propulsion Report at the 23rd ITTC deals wighwell known scale effects in model screw propelle
performance essentially without drawing consequ&nébe usual 'way out' is to perform open water
tests, even with wake adapted propellers, at effily' high Reynolds numbers. But in model prepul
sion tests the propellers are usually run at maelet Reynolds numbers, though in the behind caditi
And the powering performance analysis is basedesettwo sets of incoherent data!

Consequently my opinion is that model test shouldb® performed at slow speeds, where we are pick-
ing up scale effects unnecessarily aggravatingptbblem of partial similarity. Accordingly | haverau-
ated the METOR model data only at the model spee@gpoding to the service speed.

At the 23rd ITTC Holtrop reported on quasi-steaelsting at MARIN. In the 'hybrid' model adopted the
inertial term is missing. So the question ariseghé inertia being treated statistically, assuitnedanish

in the average? Some forty years ago, in a Japahasg it has been shown, that even very smalllacce
erations, less than a thousand of a 'g’, may eagsigt the momentum balance.

And | have observed that taking averages or, eversey relying on ill-defined averages provided by
somebody else may be 'exactly' the wrong thingotoTdaditional methods usually rely steady condi-
tions, not averagesand thus the steady conditions may have to bablksited' or constructed as | did in
the METEOR project!

Full scale tests

As has been mentioned the method can be appliddlisscale. Results of full scale tests with therGe
man research vessel METEOR in November 1988 if\thtc Sea, figure 27: slide 67, have been com-
pared with results of corresponding model testsigiog scale effects in wake and thrust deductiae-f
tions, for the first time worldwidefigure 28: slide 68. These scale effects are theercstones of reliable
powering performance predictions.

Quasi-steady tests have also been performed onlmaadefull scale with the experimental air-cushion
vehicle CORSAIR/MEKAT of B+YV fitted with partiallgubmerged propellers. As described in the paper
by Shibu the latter for various reasons are oftgrearest to navies. Accordingly there is littlelqlished
information available.

The present and future work and publications oeSu@and Suryanarayana promise to change that situa-
tion, although their systematic series is limitedte open water performance. Figures 29, 30:slide

72 show performance of the propellers behind thiREBR model tested in the large circulation tunnel
UT2 of VWS. Figures 31, 32: slides 73, 75 show ltesof full scale quasi-steady propulsion tests jus
before the 'hump'.

The paper by Rath et al is discussing the desiggupér-cavitating propellers or trans-cavitatinghesy
are now being called. But from the abstract ito$ quite clear whether the authors are really chésiy
super-cavitating or partially submerged propeléssvell.
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Power prediction

Going back to first principles fundamental problemfiship theory so far unsolved have been solvéd. A
though everybody is talking about the need for $athle tests, the ITTC has discontinued the Spscial
Committee on Trials and Monitoring! The institutet first will introduce the techniques described w
certainly be at the forefront of the scientific gmafessional development. Not only navies canthee
technique for monitoring purposes etc.

The paper of Go et al is concerned with the prolsémodel testing and power prediction for larggsh
with a CRP-POD system. In case of podded drivead&'s test technique using hull towing and propelle
open water test appears to be adequate. If theoshethmodel testing described before is developed f
application not only on model scale, but on fulilscas well, the scale effects of interest candderd
mined directly. In the Report of the 24th ITTC Putgion Committee Go's procedure has been discussed
in some detail.

In that Report mention is being made of the Conaegitdealing with the problems of podded drives:
"Model testing and full-scale performance predictfor podded propulsors and waterjets are diffigult
itself, and test procedures and prediction mettardscurrently being studied by the current 2FthC
Specialist Committees on Azimuthing Podded Propualsind on Validation of Waterjet Test Procedures,
respectively. The testing and full-scale perforneapoedictions are even more complex and difficoitt f
hybrid propulsors."”

In view of the latter "the Committee recommendd thanew test procedure and fullscale performance
prediction method be developed for this hybrid emic The essential point of the rational procedise

to get away from the ever more detailed models rg¢ing more problems than solving them and to
move towards highly aggregate models with only parameters to be identified from the few data avalil
able. This permits to evaluate trials without refere to model test results and other prior infolonags

it should be Unless we start evaluating trials as objectiagdypossible we cannot reasonably talk about
scaling.

Propulsors as pumps

The solutions so far have been based on the naiveeption of a propulsor as thruster overcoming the
resistance of the hull to be propelled. In advarfudtipropulsor configurations, maybe pump jetgrts

ing' with ducted propellers, this point of viewris longer adequat&hrust is no longer a meaningful
measure of performance and no longer a meaningfal gf design. Consequently the concept is to be
‘deleted from our intellectual inventory’.

In the Report of the Propulsion Committee of théh2Z2TC 2005 on page 75 we still read: "Estimating
wake and thrust deduction and understanding ttheeinfe of scale effect is also being improved byemo
realistic information on the flow field in and aralthe hull-waterjet system, ..."

An alternative much more adequate and efficienteption is to consider propulsors as pumps feeding
energy into the fluid and establishing the condgi®f self-propulsion, vanishing net momentum flow
into the hull-propulsor systems. The simplest ahspumps are ducted propellers.

The ideal ducted propeller provides a much moadistee’ model of a propulsor than the actuatocdés

it does not sufferi from edge singularity. The skeffigure 33: slide 82, clearly shows that thepse of
ducts isnot to provide thrustbut to avoid edge singularities and thus approach iciegpeller perform-
ance. Most expositions of the theory of duct arggegimadequate and misleading. And the higher the
thrust of the duct the higher the frictional losagthe duct and the danger of cavitation at thaaor.

Most design methods are still concerned with dugtegbellers in open water. And the methods to deal
with hull-propeller interactions are very crude, day it politely. In view of the fact that interawis
mostly take place between hull and duct this apgirda neither realistic nor acceptable. Suctiothat
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hull and thrust at the duct constitute an energiyineutral hydrodynamical short circuit, figuréd:3lide
85, a fact that has long been known to pump buslder

Adequate language

Pre-requisite for an efficient description and timeent of the problems at hand are adequate language
concepts and propositions. The basic conceptssped of ship, power supplied, density of fluidl- vo
ume flow rate, energy flows at the entry and atetkie Any reference to the naive conception ofppie
sion, the concept of thrust in particular, is calfgfavoided.

For equivalent propulsorgeing formal construcisiot real propulsorsoutside the displacement wakes
‘far behind, in the energy wake alone’ the magrésidre the same; figure 35: slide 86. The condept o
equivalent propulsors has been introduced by Fresamd first systematically exploited by Horn &rB

lin.

Among the derived concepts the energy velocitiesttae most prominent, figure 36: slides 87. The axi
oms comprise the energy and the momentum balandegnaaddition the axiomatic definition of the ef-
fective thrust; figure 37: slide 88. The performamxiteria, the internal efficiency and the confajion
efficiency, figure 38: slide 89, in terms of energne particularly important in view of comparisoh o
various configurations as discussed in the papeKdmymi. Usually decisions are based on inadequate
performance criteria and non-equivalent propulsarsistorical example is Grim's vane wheel.

A more recent example is the thorough investisgatib the Kappel propeller, even fullscale (Marine
Technology 42 (2005) 3, 144-158). The very carefuhparison with an optimum standard design re-
mains unsatisfactory as long as the configuratitiniencies and the pump efficiencies of the prégrsl
have not been 'measured'.

A resulting theorem concerns the powering perforeafigure 39: slide 9Xdepending on three parame-
ters, the ‘internal' hydraulic efficiency, the egyemake fraction and the vorticity parameter, fey40:
slide 92. The vorticity parameter, another fundamlgparameter not 'normally' used by naval arctstec
clearly shows that only the effective resistanag thois the effective thrust is energetically refeva

The Committee on Unconventional Propulsors undechiairman Kruppa, TUB Berlin, was fully aware
of the advantages of 'talking' in terms of enetgw$. But the following committee decided to go btz
the description in terms of momentum flows. As #lughor has pointed out in a contribution to the dis
cussion at the ITTC in Venice 2002 both descrigibave to complement each other if it comes toeforc
and design for strength.

Design method

A corresponding method for the design of wake agthgucted propellers has been proposed and tested.
It starts from an invariant design goal, figure 4lide 96, not requiring a clumsy search for annopm,

but concentrating hydrodynamics to the essentigsign and evaluation and testing of the pump prope
Starting from the condition self-propulsion, of oalézero momentum flow, essentially from the effec
tive resistance and the corresponding net powke ti@d into the flow; figures 42, 43: slides 97, 98

As in pump design everything else is being deat wi terms of energy flows and the thrust andrall
teractions are being treated implicitly observihg bptimum condition from the beginnings in pump
design the thrust comes in only at the end, assiynay-productAll pumps develop thrust and need
thrust bearings. Although pump designers do not waproduce thrust, they cannot avoid it and have
know it in order to design the bearing.

In the paper by Banerjee et al detailed wake measemts have been made in a wind tunnel at NSTL.
With the design procedure mentioned tharge-scale(?) search for the optimum vehicle-ptspucon-
figuration for fully submerged vehicles" or its g¢ic developmentfight have been greatly accelerated,
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if not unnecessary. Usually the constraint on theéybcontour is too narrow. In a fully integratedsigg
the hull does not need to be tapered, 'stream4ined

Cavitation

The cavitation performance of a similar system theen investigated at NSTL in physical and numerical
experiments as described in the paper by Kumal &ha draft abstract raised questions concertieg t
basic hydrodynamical mechanisms, the flow insigeptopulsor and the cavitation in a boundary layer.

The paper of Chatterjee et al is concerned withptioblem of ultra sonic cavitation reduction in dam
nation with decelerating ducts. The paper by Swagayana et al is concerned with differences intaavi
tion noise of contra-rotating propellers made dfedent materials. Acoustic experiments in narrcav b
sins suffer from the very limited useful frequengndow.

The pump industry has standards of delivery, salnanchitects do not need to re-invent the whege-'
gral' testing of complete propulsor systems ineigdhe inlet can be performed in by-passes of atiwit
tanks as described in the paper of Roussetsky &t /WS inlet tests have been performed that way i
1980's. To calibrate flow meters for large flowesatvithin a confidence interval of 3% is far frorivial,
PTB Berlin.

Conclusions

The purpose of this talk was to provide some giiites and perspectives concerning propulsor hydrody
namics. As | have demonstrated, in talking aboappisors hydrodynamic experiments, physical and/or
numerical, come in only after simple hydrodynamicaddels constituting an adequate normative ship
theory, unfolding representation spaces have bdepted. The examples | have shown do not salve
problems, but are paradigmatical in character.

Only on this level of abstraction can parameteesfgpmance criteria and development strategiesebe d
fined in a professional, efficient fashion. Pauy&mbend in his famous treatise 'Against Method'ax5
stated: 'The only general principle, not impedinggpess, isanything goes Accordingly | took the free-
dom to choose the engineering principle KI88ep it simple, stupidAnd | hope to have demonstrated
how successful that is in protecting us from preifesal superstition and guess work.

The question is ntonger how to 'disprove’ my approach and the cotued framework successfully de-
veloped and applied in various fundamental caseiail, but to take competitive advantageéthem as
power tools for the solution of other problems andh, e. g. the design and evaluation of researatest
gies and of test techniques, the construction efjadte performance criteria etc. In view of thdtee
logical development in experimental hydrodynamesg. CFD, naval architects can no longer afford to
be content the conceptual framework of their gratidfrsThe question istf the author could do this,
what can | do negt
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Buckingham's theorem ...

Theorem.The assertion that the relation
Qu=1(Q;,Q5, ....Q,_,--- Qp)
is unit-free is equivalent to a condition of thenfio
Moo=, My, ... TT,_))
for suitable dimensionless power-produftef
the Q, where
n denotes the number of influence magnitudes
Q, homogeneous in the basic units, and
r denotes the number of independent basic
units: in mechanics r = 3.

MAHY 2006 NSTL Visakhapatnam MS /12

Example: Speed trials

Often the problem can be solved pragmatically.
Let us consider as a simple, but fundamental
example the powering performance of a ship at
given loading condition and speed.

In this case the power ratio

Ke=P/(PD®>N3)

Is assumed to be a function
Kp=fp(In)

of the hull advance ratio
J4y=V/(DN).

MAHY 2006 NSTL Visakhapatnam MS /15

Practical limitations

Due to the very small variability of the ddakee most
general function that can be identified with
confidencas a linear function

Kp=Kpot Kpydy.
With the ship speed over ground, to be measured
by GPS, and the unknown current speed over
ground the hull advance ratio is

Jy=Jds-Jc.

MAHY 2006 NSTL Visakhapatnam MS /16
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More pragmatism

Again the problem can be solved pragmatically by
introducing formally a polynominal law for the
unknown current velocity as function of time

Ve=Xivth
This completes the model as far as it is of interes
here.

The few parameters of the model can be identified
from the usually very few data collected at speed
trials.

MAHY 2006 NSTL Visakhapatnam MS /17

Propeller ‘behind’: ISO example

Power ratios vs hull advance ratios
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Current: ISO example

Current velocities vs time
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Momentum balance

The first basic equation is the momentum balance
ma+R(V)=T (- 1t).
In view of the limited variability of the data often
thelocal resistance law
R(V)=ro+ri:V+r,V22
with the three parametersmay be adopted.
If the tests cover a wider range there is no problem
to generalise this 'law' appropriately.

MAHY 2006 NSTL Visakhapatnam MS /36

Thrust deduction function

The complete thrust deduction function is
t=(L+t+x)/1-
[ +t+x)2-2Tx] Y2/t
with the relative velocity increase as function of
the jet efficiency
1=2(1h+,- 1)
and a parameter not occuring in the traditional
analysis, the displacement influence ratio
X=EWp/(l-wg-wp),
different at model and ship due to scale effects.

MAHY 2006 NSTL Visakhapatnam MS /37

Thrust deduction axiom

Of interest is the global approximation
t=0.56x N+,
leading to the plausible thrust deduction axiom
t=tryN1y
with the parameter
t;,=const.
The four parameters introduced are obtained as

solution of a system of linear equatigm®vided
the jet efficiency has been determined beféned

this problem can be solved as follows.

MAHY 2006 NSTL Visakhapatnam MS /38
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Energy balance

The second basic equation is the energy balance for

the propeller
TV(A-w)=n+1,n,;pPp

with the the 'ideal' or jet efficiency
nT,=P;/P;

and the 'hydraulic' or pump efficiency
Nyp=P;/Pp.

Usually naval architects do not separate these

efficiencies, although only the pump efficiency

permits to judge the quality of the propulsor.

MAHY 2006 NSTL Visakhapatnam MS /39

Wake function

The theoretical function for the jet efficiency is

nNL-w)/n;p=2/[1+1+c/(1-w))"]

with the apparent propeller load ratio
c=2T/PVZ2A)

and the apparent propeller efficiency
N=TV/Pp,

both obtained from measured magnitudes.

Solving for the wake ratio results in the function

wi(n;p=cn/(@n;p-nyp/n+1l.

MAHY 2006 NSTL Visakhapatnam MS /40

Wake axioms

The 'plausible’ wake axioms are
W=WryNry
with the parameter
W ;= const,
and the further axiom concerning the pump
efficiency in the range of interest
n,p= const.
Thus the second explicit condition is

Wy (N3p, W) =1/[1 4N,/ (NWy].

MAHY 2006 NSTL Visakhapatnam MS /41
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Raw data: rate of revolutions
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Raw data: relative surge
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'‘Derived': relative speed
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'Derived': acceleration
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Raw data: torque
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Raw data: thrust
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Wake fractions
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Equivalent open water
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Thrust ratios
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Thrust deduction fractions
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Resistance values
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Hull ‘efficiencies'
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Propeller efficiencies 'behind’
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METEOR: Test conditions, 1988
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METEOR: Scale effects

04 Wake, thrust deduction fractions
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Model K =1 (J,)
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Complex force diagram

First harmonics of covariance functions, constant
thrust deduction fraction assumed

L-1) T
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Resistance: shallow water
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Ideal ducted propeller, 1978

* outside flow: flow around a sink

sink ‘strength’ < propeller flow rate!!!
* actuator: finite potential force field
» boundary stream line (duct): force free!
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Daniel Bernoulli in action

Suction at the hull
and thrust at the
duct constitute AND THRUST .
an energetically
neutral
hydrodynamical
short circuit.

Busmann NO DIFFERE .
STG 1935, IN EFFECT e LOW SUCTION
H AND THRUST
Schmiechen
ONR 1968.
MAHY 2006 NSTL Visakhapatnam MS /85

Basic magnitudes

Pre-requisite for an efficient description and
treatment of the problems at hand are adequate
languages, concepts and propositions.

Speed of ship VY, , power supplied B,
density of fluidp , volume flow rate Q ,
energy flow at entry E_/at exit E" ;.

For equivalent propulsorbging formal constructs
not real propulsorsoutside the displacement
wakes ‘far behind, in the energy wake alone’ the
magnitudes are the same.

MAHY 2006 NSTL Visakhapatnam MS / 86

Derived: energy velocities etc
Energy velocites Y= EF,/(pQ))Y?

energy wakes W=E1-V,/V,
energy densities  e=EF,/Q
actuator head Ne=e,;—e.=AEF =

=p(V,2-Ve)I2
‘momentum’ flows My=pQ V=

=(2pQEF)™

MAHY 2006 NSTL Visakhapatnam MS /87
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Axioms

The energy balance with the jet power
P,=EF,-EF:=QAe.

The momentum balance
md,Vy+Rg=Tg+F,

at steady condition of self-propulsion
Re=Tg

with the effective thrust
Te=M;-M=pQ(V;,-Vp.

MAHY 2006 NSTL Visakhapatnam MS /88

Performance criteria

Independent of the design:
configuration efficiency N e;=TgV /P,

internal efficiency n,;p=P,/Pp
propulsive efficiency Ntep=NtesNJe
MAHY 2006 NSTL Visakhapatnam MS /89

Propulsive performance

The configuration efficiency is

Ntes=STeVu/P;=VLI(Ve+AV/2).

Thus the propulsive efficiency
Nrep=Nap/(L-We+Tg/2)

depends on three parameters only :

theinternal efficiencytheenergy wake fraction
We=1-V/V

and the vorticity parameter
TeSAVIV =T/ (pQVy).

MAHY 2006 NSTL Visakhapatnam MS /91
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Vorticity parameter

The vorticity parameter, another fundamental
parameter not 'normally’ used by naval architects,
clearly shows that only the effective thrust, and
thus the effective resistance is energetically
relevant.

In terms of the normalised propulsor 'head’
Ne=Nel(V ,2%/2)
the vorticity parameter is
T=[1-wp?+Ag)] 2= (1-wy),
and thus in first approximation
T=Ae/[2(1-wyp)].

MAHY 2006 NSTL Visakhapatnam MS /92

Design goal

‘Invariant’

design goal for e,
all optimal, wake
adapted ducted eneray
prOpEl lers density e
including all hull-
propeller
interactions! 0 o

flow rate g

e e
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‘Pump’: stator, rotor, duct
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‘Pump’: behind Amtsbergs ‘cigar’

MAHY 2006 NSTL Visakhapatnam

MS 06.12.05 09:59 h

MS /98

26



