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Design of a New Ship Propulsion System Fundamentals
course

Peter de Vos'

ABSTRACT

In this paper | describe the design of a new course about ship resistance and ship propulsion system
fundamentals. The occasion for designing a new course on this topic was the re-design of the Maritime
Technology Bachelor of Science programme at Delft University of Technology in the Netherlands.
Especially the alteration to another teaching methodology meant a new design was required for the course
and led to the introduction of a Mean Value First Principle dynamic model of a ship propulsion system for
voyage simulation. The integration of such a model in an educational environment is challenging. The
results of the design effort are discussed in this paper by analysis of the models students developed during
the first time the course ran and the feedback that was obtained from them.
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INTRODUCTION

In an effort to help students obtain a clear ov@wof the educational programme in which they am®l&ed, all Bachelor of
Science (BSc) educational programmes at Delft Usityeof Technology (DUT) in the Netherlands weeedesigned over
the past few years to include larger courses. Tea is that students become more effective inHing their courses
successfully when they have a better overview efdaverall programme as a consequence of fewer eauFer example, in
the previous Maritime Technology Bachelor of ScerfMT-BSc) programme courses were typically twaeéhor four
ECTS large. ECTS (European Credit Transfer Sysierit)e European system to measure the weight dfygttogramme
components; in the Netherlands one ECTS equalriopately 28 hours of study. Each year containsysBCTS and at
DUT these are divided over four periods per yeare&ch period contained approximately 60/4/3 =\&ses in the previous
programme. The larger courses in the new MT-BSgnamme are six ECTS large, resulting in 2.5 coupsegeriod (some
courses run for two periods; i.e. one half (3 ECiIiS)ne period and one in the next).

Within the framework of this university-wide re-dgs effort of BSc educational programmes, two cearsf the previous
MT-BSc programme about ship propulsion system fomelgtals were combined into a new course. One sktfecussed on
ship resistance and propulsors, while the otheudsed on driving machinery like diesel engines gasl turbines. The
content of the new course is roughly the same epithvious ones but employs a different teachinthauwlogy: it is more
project-oriented than before. This means that théesits get an assignment (as a group of fourisnctise) at the start of the
course and the assessment is based on their parfoerin executing the assignment during the copesid. This is
different from “classical” courses, which are indival and are assessed using an exam at the athé @burse. Lectures
discussing the theory are still given in the newgjgrt-oriented course but they now provide immidisupport for the
project assignment instead of providing supporpi@parations for the final exam.

The reason for the course being project-orientdduad in the set-up of the new curriculum, whishaimixture of classical
courses and project-oriented courses. Each peaidddst in the first MT-BSc year) consists of @éhECTS classical lecture
on mathematics (one half of a six ECTS course othemaatics), a six ECTS classical lecture on funddalesngineering
theory and a six ECTS project-oriented course ihatlated to the engineering theory course. Tlogept-oriented courses
are more applied than the other courses in the gmmed and deal with concrete topics, e.g. a phipulsion system. Note
that this reasoning can also be reversed; the mhtlee new course in the curriculum is determibgdthe fact that ship
propulsion system fundamentals lend themselvestadde taught in a project-oriented manner. Eithay, the fact that the
course is project-oriented required new teachinghous and a new way of assessment. This paved #yefor the
introduction of a new element into the course: M&&tue First Principle (MVFP) dynamic models of gtpropulsion
systems that are able to simulate ship voyagdseitimne domain.
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The objective of this paper is to describe the gtesif the newly formed ship propulsion system fundatals course with a
focus on the integration of the MVFP model in an@tional environment. It will be shown how the rabenables students
to stand at the helm of a ship (digitally at ledstjn the start of the course onwards and how itivates them during the
course to master the fundamentals and working ipte of ship resistance and ship propulsion systéncluding their
most important components, i.e. propulsor and dgvnachine).

First the requirements that were established fermtew course will be investigated in the first kecof this paper. This is
followed by a section that describes the orgarisatif the new course with inclusion of the MVFP rabdf a basic ship
propulsion system. Subsequently the results otthese, and therefore the results of the desigmtefiill be discussed in
three sections. The first compares the sub-modelsHip resistance, propeller and diesel engirieeabeginning and end of
the course including the output of these sub-mod#ie second compares results of voyage simulatigtisthe start and
final model, after which the third discusses thedteack that was obtained from the 96 studentswvileat enrolled in the
course when it ran for the first time. The lasttiecof the paper contains a conclusion on the esgfalness of the design
effort and introduces possible improvements andesion of the new course.

REQUIREMENTS = LEARNING GOALS

Most design processes start with setting up remergs for the system that is to be designed. Tpsies to ships for

example, but to courses as well. So what are tipginements to the new ship propulsion system fureddads course?

We start here with a general perspective on remérgs to higher education courses. At DUT an intobidn course on
teaching at universities is compulsory for all eoygles involved with teaching. One of the most irtgudrlessons of this
course is that learning goals, teaching methodsaasdssment should be aligned in education. Thasfiist, over-arching

requirement to higher education courses; in impaggprobably similar to the obvious requiremerghip design that a ship
should float upright. The requirement of alignmehiearning goals, teaching methods and assessselepicted in “the

teaching triangle” that is reproduced figure 1. As discussed in the introduction the teachinghwoddlogy and the
assessment for the new course is different fromptiegious courses. According to the requiremenaligihment this also
meant the learning goals had to be re-evaluated.dBisign of the new course on ship propulsion sydtemdamentals was
therefore achieved by a thorough approach thatidted re-evaluation of the learning goals, applicatf a new teaching
methodology leading to the integration of MVFP misdind new assessment methods.

Learning goals

Teaching —— Assessment
methods ucational environment

Figure 1: Teaching triangle. Source: Brummelink, 2009.

It is obvious to start the design of a new courgth astablishing the learning goals, because thmieg goals are in fact the
requirements the lecturer wants the students ta miethe end of the course. According to the tesghiiangle this also
means the learning goals pose requirements onthetteaching methods and the assessment: the mgstsshould test
whether students have obtained all learning gaadsthe teaching methods should support the studerdbtaining them.
Thus a list of learning goals can be used as afgaion of requirements to the course. Therefihre first action that was
taken in designing the new course was definingteofilearning goals.

The learning goals of the previous courses couldids as a starting point, but since the new coemggloys a different
teaching methodology a critical re-evaluation &g was necessary. In practice this meant thahémolearning goals were
defined as a result of the inclusion of the MVFPdeldoof a basic ship propulsion system in the newrs®, while the others
were derived from the learning goals of the presicaurses. The list of learning goals for the nbip propulsion system
fundamentals course is givenTiable 1; the first two represent the newly defined leagmyoals. The latter four, with respect
to reporting and oral presentations, also origirfeden one of the previous courses. They might sesemewhat strange
considering the technical character of the otharnieg goals, but they are part of a general skbgkage that is
accommodated for throughout the MT-BSc programmitiwidifferent courses. The subject matter neededbtain these
learning goals is taught and assessed by diffdeathers, with a background in the Arts. The colneseefits from the
integration of these general skills by the sigmifit improvement in readability of the written reigsorNext to that the
technical subject matter of the course is discusdrohdantly in the many oral presentations thatgaren by the students
themselves on the course subject.



Table 1: Learning goals of the new Ship Resistance and Propulsion Systems cour se
After successful completion of this course studengsable to:

w.r.t. Ship Propulsion Systems:

- Describing the most important components of gingpulsion systems and their function.

- Performing meaningful voyage simulations of gshithe time-domain using a computer model thatdbes ship
resistance and the propulsion system.

w.r.t. Ship Resistance:

- Describe the origin of ship resistance from gahiid mechanics and explain the implicationsliatl design.

- Describe and apply the definition of ship resisgaand its components.

- Derive similarity laws for (hydro mechanical) medcexperiments using dimensional analysis and afipge on
towing tank tests.

w.r.t. Propulsion:

- Describe the origin of lift from general fluid ieanics and explain the implications for ship piigps.

- Describe geometric variables of propellers idaasas necessary for using open water diagramsreatdhing with
engine envelope.

- Describe design variables of a propeller in asfanecessary for matching with engine envelope.

- Explain the meaning of lines in the open wategdam.

- Determine the operational point of a propellethia open water diagram using a computer model.

w.r.t. Driving Machinery:

- Describe geometric variables of internal comlorsgngines.

- Describe performance parameters of marine dexsgihes..

- Explain the meaning of lines in the engine enpelo

- Determine the operational point of a diesel eaginthe engine envelope using a computer model.

w.r.t. Reporting:
- Structure a written report.
- Apply general reporting skills; referring corriggtfigures, tables and text are attuned to eabbroetc.

w.r.t. Oral Presentations:
- Structure an oral presentation.
- Use audio-visual aids for a presentation.

ORGANISATION OF THE NEW COURSE WITH INCLUSION OF MVFP MODEL

Now that the learning goals for the new course Hseen defined the focus of this paper turns ta¢laehing methods that
aim to support the students in obtaining them. isduced the teaching methodology is project-dei@nmeaning that the
students have to solve a large assignment as @ deach group consisting of four students). Thégassent all student
groups get is to increase the fidelity of a Meanu€aFirst Principle (MVFP) model of a basic shippulsion system by
including more first principles. They have eighteks to do so; in these eight weeks they have td mareports regularly to
show their progress. In fact there are four suligassents; each requiring the students to handgartof their final report.

In this way the final report develops graduallyidgrthe period so finishing it in the eighth wediosld not be too much
work (freeing them up to focus on the final exarhthe classical courses that run in the same pgriod

At the start of the course the students receivatart-model” of a basic ship propulsion system amqmtoject description that
describes the start-model plus the different assems.Figure 2 shows a block diagram of the start-model, which is
implemented in Matldb and SimulinR. The right part of this figure shows the forcesttiact on a ship that moves
unidirectional in calm water: ship resistance a®masequence of primarily skin friction and wave-imgkand a thrust force
delivered by the propulsor(s). If the sum of thésees is non-zero acceleration or deceleratiorurscand ship speed v
changes. Note that the fact that the model incligteg translational dynamics like this providestirsy link with the
fundamental engineering theory course that is tairgthe same period as the ship propulsion systerdamentals course:
Dynamics. This strong link is repeated on the lhefitd side ofFigure 2, since the students also learn about Newton'’s laws
for rotating bodies in Dynamics, which is includadhe start-model through the shaft rotationalaiyits. There, the torque
as required by the propulsor(s) and as deliverethbydriving machine(s) are compared; if their sgsnmon-zero angular



acceleration or deceleration of the shaft systeourscand the rotational speed of the propeller dnvk shafts change (n
resp. n).
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Figure2: Ship propulsion system model showing main components and relations. Sour ce: de Vos 2014

In the start-model relatively simple models exastthe most frequently applied propulsor and dgumnachine: a screw-type
propeller and a marine diesel engine. These willdescribed shortly together with the simple shipistance model.
Although the model conceptually can contain muttipropellers and engines, the start-model contairesof each. This
results in a simple overall ship propulsion systawdel for a very common ship propulsion system a&iointg one four-
stroke, medium speed diesel engine driving oneastype propeller to propel one ship. The fact thamedium speed diesel
engine is implemented necessitated the inclusioa géarbox in the model as well, which is done imyply including the
gearbox ratio i irFigure 2 (this in fact assumes a perfect gearbox, i.e.awithosses). A reason to also include a gearbox in
the model could be that it can be considered a m@mponent of a ship propulsion system as well #mg should be
included, but in fact the reason in this course esifnom the ship resistance, or rather the ship tipt has been chosen for
the case-study: a typical beamtrawler fishing eSg@s kind of vessel is normally driven by a festroke, medium speed
diesel engine and thus includes a gearbox. Siripeipally the choice has been made for the counseraodel to represent
reality as much as possible, it was chosen to decla medium speed diesel engine and thus a gearlibe start-model.
Choosing a beamtrawler as the case-study of theseauriginates from the fact that a towing tank elaxf such a vessel is
available at DUT and in fact towing tests with thisdel are performed during the course to measiperesistance at model
scale. None of the above design variables (ship, typpulsor type, driving machine type, gearbdioratc.) change during
the course; at least not in the current set-uparGi¢his is an opportunity to develop the courgerefurther in the future.

As said the ultimate goal of the students durirggdburse is to increase the fidelity of the shipppitsion system model that
contains relatively simple (but effective) sub-misdier ship resistance, propeller and diesel engirtee start version. This
is achieved by modelling the resistance, propeled diesel engine more correctly, i.e. using manis principles. The
students do this by performing four assignment® fitst assignment aims for the students to géntmw the start-model
and do some experiments with it, thereby also abtgibasic Matlab and Simulink skills which will beeded later on in the
course. The second assignment is to increase\tbkedédetail of the ship resistance block. Thedhs to increase the level-
of-detail of the propeller block and the fourthiiereasing the level-of-detail of the diesel engbieck. Before these
assignments can be described in more detail a segedescription of the contents and assumptiortheftart-model is
given below.

Start-model description
The contents of the blocks in the start-model willv be described on basis Eifgure 3, which shows the top-layer of the
start-model; i.e. the actual implementation ofttkeck diagram ofigure 2 in Simulink.
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Figure 3: Top-layer of ship propulsion system start-model in Simulink.




The Ship resistance block kigure 3 contains a simple square resistance curve:

R=YIg V> [1]
Where R is ship resistance in N,ig a constant in kg/m and & ship speed in m/s. Y is a factor that represdigturbances
on the square resistance curve due to e.g. seaataull fouling; its value is normally 1. The put of the ship resistance
block is hull resistance at a certain speed; thdtaduction factor t is also taken into account (asslimed constant), but this
is done in the next block: Ship Translational DyiesnHere the hull resistance is adjusted for tfiece of increased
resistance due to propelling the hull with an aftumted screw-type propeller. This results in thguned thrust force by the
ship-propeller combination {f, in Figure 2) at a certain ship speed. This required thrustefas subtracted from the
propeller thrust force, which comes into the ShipnElational Dynamics block from the Propeller Blo€he second law of
Newton for linear motion as implemented in the Shipnslational Dynamics block then dictates anynges in ship speed,
which is subsequently immediately adjusted for wake factor w. Therefore this block has two outpstip speed yvas
required by the Ship resistance block and advapeedsof the propeller,\as required by the Propeller block.
The Propeller block contains a linear approximatibfines in the open water diagram:

K =K., J+K
K _KT,A D+KT,B [2]
Qprop ~ "N QA Q.B

These approximations are used to find the operatipoint of the propeller at a certain advanceordtthat depends on ship
speed y and rotational speed, rfthe inputs of the Propeller block). This in twesults in the delivered thrust force and
required torque by the propeller (the outputs effinopeller block):

T,prop

J=_Va
n, D
Fprop =T= KTvpmpE) th pz m* [3]
2 5
M :g:KQ,propmmpDD
R Ng

The Propeller block is the only block in the staddel that contains “sub-systems” within; theretgréasing the number of
layers in the model from two to three, degure 4. The blocks Advance Ratio, Propeller Thrust andpBler Torque
contain the implementations of equations [2] anfl TBe number of layers of a model is an indicatibrthe level-of-detail
and indeed the propeller is the most detailed sabahin the start-model of the ship propulsion systMethods have been
sought to simplify the propeller model even furthmut it was concluded it could not be avoidednidiide an approximation
of the open water propeller diagram in the started@nd this in fact is the simplest model of apetter (for our purposes)
possible. This regrettably also means that thel tagsignment, increasing the level-of-detail of pihepeller model, is not
very challenging (the linear approximations areagrded to square approximations) as it is equafficdit to find slightly
more complex models than square approximationbefimes in open water diagrams. Lifting line theprobably provides
the next step on a gliding level-of-detail scalgiopeller modelling (from simple mathematical migden one end to full-
fledged CFD models at the other end), but thisuitega step and requires a lot more details of@apeller blade geometry.
This was deemed too difficult for the current ceuns the first year of the MT-BSc programme antnd line theory is
introduced to the students in a follow-up cours# th scheduled in the second MT-BSc year.
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Figure 4: Contentsof Propeller block in start-model in Simulink.

The Shaft Rotational Dynamics block requires twauis: the required torque of the propeller andddiésered torque of the
engine. The engine torque comes from the Dieseinengock and is transformed in the Shaft Rotati@mamics block to
the torque delivered at the propeller flange usheggearbox ratiozg and the transmission efficiengyrm (S0 in fact, in the
actual start model gearbox and shaft losses aentako account). The second law of Newton for #&gmotion dictates



any changes in propeller rotational speed, whiatbimbination with the gearbox ratigsialso results in the engine rotational
speed @ These represent the two outputs of the ShafttRotl Dynamics block: the propeller rotational egen, as
required by the Propeller block and the enginetiantal speed fas required by the Diesel Engine block.

The engine sub-model in the start-model assumestamnengine efficiency, which provides a way teedily calculate
engine torque from fuel mass injected to the cyisd

1 1
M, =—&3 W, =—3Ffm, [LHV
B ooamk ¢ om k[q ! ™) [4]
m, = X, [n

set f,nom
Where M; is engine torque in Nm, i =jnis the number of cylinders of the engine, k istiaenber of revolutions per power
stroke (k = 1 for two-stroke and k = 2 for fouredte engines), Wis the effective work per cylinder per cycle imd,is the
amount of fuel injected per cylinder per cycle m(Kyomis nominal fuel injection), LHV is the Lower Heagj Value of the
fuel used in J/kgy. is the engine efficiency (assumed constant) apdskthe setting of the fuel rack (between 0 andifh
0 representing no fuel injection and 1 represengimgine nominal point, i.e. maximum engine torque).
Note that the engine rotational speed is not reguio calculate engine torque (the output of thesBli Engine block), which
is true for ideal engines that act as constanti®mgachines as described in (Klein Woud e.a. 2008re are two reasons
for having engine rotational speed as an inpubéoRiesel Engine block nonetheless; one beingeigine speed is required
for calculating engine power (together with endiogue) and this is done in the Diesel Engine blaskvell and two being
that the engine speed will be required by a moveacked model in which engine efficiency is not cansand losses depend
on engine rotational speed. The latter is of cothseobjective of assignment four (increasing thesl-of-detail of the diesel
engine sub-model) and thus it is a matter of gaegaration to have the engine speed as an inghetBiesel Engine block
in the start-model already. This also means thdapgr of the overall ship propulsion system mag#l not have to change
while the students are carrying out the assignndunisg the course, which serves two purposes:

« Students are forced to understand the overall syftem the start of the course (providing them adytop-down

overview).

e Students have something to hold on to in casertfight feel lost in carrying out an assignment.

Assignment 1
The first assignment introduces the students toatbwking principles of ship propulsion systems, thaction of different
components and the start-model. The students skedavith performing a number of experiments (va&yaignulations) with
the start-model. These are:

« Decrease fuel rack settingwith steps of 25% after a certain time interval.

¢ Suddenly change disturbance factor Y with a faofdr.5 at time t without changing fuel rack settig;

¢ Increase fuel rack settingsegffrom 100% to 2000%.

e Make the fuel rack setting follow a sinusoidal wé@em.

« Arelevant experiment of own invention.
The first experiment simulates a helmsman changiaduel rack at time intervals to decrease shgedpThis experiment is
designed for the students to relate the resulteefibstract ship propulsion system model to rEakkperience. Since most
of the students have sailed a small motor yachsimilar they know from personal experience thapstpeed can be
controlled by adjusting “some lever”. Experimeneanakes use of such experience and triggers tdergtto find out what
actually happens when they change the lever pasitie. the fuel rack. The results of this smaljage simulation with the
start-model appear within seconds (as the modairngfast) and students can immediately relate theisonal experience to
the results.
The second experiment simulates a sudden increagep resistance due to e.g. increased sea At the experiment is
designed to relate the model results to real kfgeeence. Students should be able to comprehextdftthe fuel rack setting
remains constant an increased resistance leadsteased ship speed. This is of course also th# oéexperiment 2 that is
again shown within a couple of seconds.
The third experiment is actually the first occastonrmake students realize that the fidelity of st@rt-model needs to be
increased. In the start model it is possible togase fuel rack limitlessly, which also means ther maximum ship speed.
Since a real ship does have a maximum ship spéetiudent should realize that the results of tlaet shodel cannot be
trusted blindly. Experiment 3 makes students coptata the origin of maximum ship speed: limitedieegpower.
The fourth experiment is designed to help studerdss a potential barrier of starting to work w&mulink. After the first
three experiments students should start to graspvtinking principles of the start model in Simutitke next step is making
changes to that model (of a ship propulsion syst&mgrefore experiment 4 only trains programminigjsskn Simulink.
Experiment 5 finally is an opportunity for (well-tivated) students to show their creativity and coghension of the start-
model.
The deliverable of the first assignment is a wnitteport containing a description of the start-niptte results of the five
experiments and a discussion on these results.répiat needs to handed in with the lecturer twekseafter the course
commenced. If a student-group fails to learn th&dsaof ship propulsion systems in the first tweelsg the remainder of the



course will be difficult for them to understand.iglis why the report the students hand in at ttee afrthe second week is
discussed with each group separately. This prouies$ecturer with an opportunity to press studéimas are already falling
behind to increase their effort. Well-performingidgnts are told they are on the right track, bus ivise to show them
possible improvements as well to avoid that thésagents lose their motivation.

Assignment 2, 3and 4

Assignment 2, 3 and 4 are the core assignmentsichvthe different sub-models for Ship Resistaftepeller and Diesel
Engine are improved to increase the fidelity of elerall ship propulsion system model.

Starting with the resistance again the model israwpd by the students in assignment 2 from thechsgiiare resistance
curve in the start-model (expression [1]) to usioging tank model resistance test measurementtsesulSimulink and
extrapolating these to the actual scale of the sluipording to the recommended ITTC-procedure (ITIG78). The
measurement results that are used are obtaineldebgtiidents themselves by performing a resistastentith a physical
model of a beamtrawler; typically this is the fitishe for students to experience towing tank teBe extrapolation to actual
scale needs to be implemented in Simulink and destiin another report that discusses how assigngeras solved by
the students. Although this report (nor the repoftassignment 3 and 4) et discussed with the students as was done for
the first report, the lecturer can keep track @& ghmogress students are making and take actiom iéguired. Furthermore
handing in reports regularly serves of course timpgse of students maintaining their focus. Thelteof the final model
for ship resistance as developed by the studerdgssignment 2 will be presented in the next sectimh compared with the
results of the start-model.

Assignment 3 is less of a challenge than assignrheartd 2 (or 4 for that matter), as already descriln the previous
section. The linear approximation of lines in thpeo water diagram are enhanced to second ordemgmuigl
approximations:

Ky oo =K 7 A02 +K ,O+K
T,prop T,A T.B T.C [5]

— 2
Kopop =K gald" +K g g0+ K ¢

The polynomial coefficients in the above equatidroudd be determined by the students in assignmeah dasis of
measurement results obtained during open waterepeogests, similar to the resistance test that pexformed for the ship
resistance. After doing so, the implementationxgfression [5] in Simulink should be quite straifdrward. Again a report
needs to be handed in describing how the studehlsdsassignment 3.

Assignment 4 deals with the last main componerd ehip propulsion system; the diesel engine. Asadly discussed the
main assumption for the diesel engine model wasnatant efficiency. Clearly this needs to be impif one wants to be
able to accurately predict fuel consumption fortanse. Ideally a test with a diesel engine wouldpb&ormed for this
assignment to uphold the symmetry between assigisnZer8 and 4. However, this is not possible foo twasons. One is
that the students have not done a course on thgmaodcs yet and it is hard, or at least strangelataneasurements on a
diesel engine without any knowledge of the cylingescess, even more so if the goal of the measursnie to find the
different losses that occur (i.e. combustion, heead frictional losses). More importantly it is evarore difficult, if not
impossible, to scale up measurement results oéldéegyine losses than it already is to scale upteege test and open water
propeller test measurement results. As far as titieoa knows no procedures exist for this, whicldssurprise as diesel
engine performance is never measured at a smédl. daisel engine performance is always measurédllagcale because
many processes that occur in diesel engines cdrenetaled easily, like heat release, heat lossesubnication, let alone
independently. Thus, to do measurements for asggh#a full scale, representative (beamtrawlar3eliengine is required,
which is simply unaffordable. This is the seconasan why the symmetry between assignments 2, 3 @lbst.

So another solution had to be found in order tdknthe students to increase the level-of-detathefdiesel engine model
and improve on the assumption of constant engifigezfcy. The method used should also introducesthdents to relevant
physics for internal combustion engines, as theroéissignments aimed to increase the studentsitristg relevant physics
as well (and this is main objective of the entitady programme). In order to do this the differiasises that occur in a diesel
engine are introduced qualitatively to the studehtsng lectures, after which these losses are tifiethin a number of
different, simple ways in the description of assigmt 4.

To understand the assumptions as given in assignéneare first have to note that engine efficiency ds divided into
partial efficiencies that describe the relative tdbntion of different losses to overall engineigéncy. In the course book
(Klein Woud e.a., 2003) expression [6] is used Wwhilivides engine efficiency into combustion effrodg, heat input
efficiency, thermodynamic efficiency and mechangféiciency.

com Qeain Vvl W,
ne:ncombm qmtdm m: Q : D i D

B [6]
mf I:LHV Qoomb Qheelinput Vvl
The first one, combustion efficiency, represenssés due to incomplete combustion and is definethesatio of heat
released by fuel that is combusted over heat thaldchave been released if all injected fuel wdwde been combusted.
Since combustion efficiency is normally one, ikf@el is combusted, the text of assignment 4estahat combustion losses
are zero. The students have to realise themsdhatghis means combustion efficiency is one. Tleosé one, heat input




efficiency, represents the relative contributiorote@rall engine efficiency of heat that is lostotingh the cylinder wall (or via
lubrication oil) to cooling water. It is normally ithe range of 0.8 — 0.9 near the nominal operatipnint of engines, but
quickly drops at lower load. It depends mainly orcylinder temperatures, which in turn dependshenamount of fuel that
is combusted. This is reflected in the linear fiorcthat is defined in expression [7], since fusthk setting X determines
fuel mass injected into the cylinder. The expresgitves heat lost to cooling water etc. that istedl to heat input by

Qreatinput = Qeomb ~ Quearioss - 1N third one, thermodynamic efficiency, is coetely determined by the cylinder process,

which the students do not know yet (in fact therseuThermodynamics in which internal combustionieagycles are
introduced follows in the next period). Therefohe tthermodynamic efficiency, although it represahts largest loss in
diesel engines, is assumed constant in assignmehich means the cylinder process is still by-pds3dis assumption is
quite similar to the assumption of overall engirficency being constant in the start-model, butsitmore realistic as
detailed performance models of marine diesel esgsi®w that changes in overall engine efficieney dictated by heat
input and mechanical efficiency (and the mean vélyehe relatively constant thermodynamic efficigncrhe last one,
mechanical efficiency, represents losses due tiidn in bearings etc. and pumping losses due taclad pumps for
transport of fuel, lubrication oil, cooling watestc. It is normally in the range of 0.85 — 0.95miee nominal operational
point of engines, but quickly drops at lower lokkk the heat input efficiency. The mechanical &ssgepend amongst other
things on engine speed, which is reflected in ithedlr function in expression [8]. Effective work,\Mat is delivered by one
cylinder depends on the mechanical lossesvidy=W, - W,

mech. loss *
= Xact
Qreatioss = 1908.8+ 7635. a 7]
ne act
W 1o = 711.1+ 1659. n_ [8]

The polynomial coefficients used in the above eggians were derived using a more advanced firatiple diesel engine
model which contains proper models for the lossekthus gives feasible results for engine efficier@ne could argue to
use this model in the course, but it would be dard¢omplicated for the students at this point girticareer to apply.

Now that all four partial efficiencies in expressi§6] are known or can be calculated the studergsahle to calculate
overall engine efficiency by implementation of tieory and expressions above in the diesel engodemSince the heat
input efficiency and mechanical efficiency changspehding on the operational point of the engine dherall engine
efficiency will change with engine operational poas well. Again the students are tasked with hamdin a report that
describes how they solved assignment 4.

After this last assignment the course is almogsfied and the students only need to finalize theport which has been
gradually built up through the reports of the fassignments. The only addition to the final reploat still needs to be made
is a comparison between the start-model and tte¢ fimodel with increased fidelity because of thehkiglevel-of-detail of
ship resistance, propeller and diesel engine mesplectively. This comparison will be discussethi#next section.

COMPARISON OF START-MODEL AND FINAL MODEL

As stated before there are no changes in the t{ap-laf the model during the course, iigure 3 remains the same.
Assignment 2, 3 and 4 do cause changes in the $I8blp resistance, Propeller and Diesel Engine rBsp changes made
in these sub-models during the course represediestyprogress. The changes in these sub-modelaavillbe presented by
comparing the contents of the blocks in start-maahel final model. Output of these blocks in stad &nal model will also
be compared.
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Figure5: Contents of Ship resistance block in start-model (Ieft) and final model (right).

Figure 5 shows how the contents of the Ship resistanceklilage changed as a consequence of assignmeng 2iglihe on
the left hand side shows the implementation of esgion [1] in the start-model in Simulink, on thght hand side we see
one of the many ways in which the recommended IBr@&edure can be implemented in Simulink. Thisrigbpbly the
neatest way; many other, less neat models havereeeived as well from other student groups. Reslibuld anyway be



similar of courseFigure 6 shows what the consequence is for the ship resstaurve; after scaling up the towing tank
results it becomes clear that the assumption gliare resistance curve was very crude. Professidmalwv this of course as
they know beamtrawlers are fast-sailing vesselfséa-sailing condition; Froude numbers up to 0.4@r With such high
Froude numbers wave-making resistance plays ofseoarsignificant role in the total ship resistangbich is why the
square resistance curve is no reasonable assumptoships with far lower Froude numbers the sguesistance curve is a
more reasonable assumption as viscous resistamomates total ship resistance; viscous resistasice function of ship
speed squared. One could say that a beamtrawkguipped with a rather “large” (too large) propafsisystem if one
considers only the free-sailing condition for tkisd of ship. But the large propulsion system i<ofirse there to overcome
the significantly increased resistance when iniffigltondition (due to the extra resistance of tharb that is towed over the
ground and the filled fishing nets). It is thesedkbdf insights that are new to the students andbesediscovered by them by
“experiencing the theory”, which is what a projectented course aims to do.
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Figure 6: Ship resistance as a function of speed for the start-model (brown line) and for the final model (blueline).

The changes in the propeller model are not thgelas can be seen frdfigure 8; the left figure shows the implementation
of expression [2] for the thrust coefficient in thart-model, the right figure the implementatidregpression [5] for the
thrust coefficient in the final model. The fit ohet lines in the open water propeller diagram hgsrawved significantly
though by changing from a first to a second ord@yrpmial function, as can be concluded fréigure 7; the R-values of
both the 1' order (start-model) and%order (final model) polynomial fit are given inetfigure as well.
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Figure 7: Open water propeller diagram including linear and 2" order polynomial fit of K+ and Ko.
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Figure 8: Contentsof Propeller Thrust block (inside Propeller block) in start-model (Ieft) and final model (right).

Figure 7 also shows curves for required thrust coefficigrthe ship K g, for a number of situations. In the start-model the
position of this curve did not change with shipespsince a square resistance curve was assumer fimal model it does
change (quite significantly) because of the stegpoéthe resistance curve at high speeds dueve-making resistance.
Finally the changes inside the Diesel Engine blaska consequence of assignment 4 are shoviigure 9. The two
expressions [7] and [8] can be distinguished a$ agethe combustion loss (0) and the thermodynaifficiency (assumed
constant). Note that the fact that mechanical lsgsv depend on the rotational speed of the engeens that this is now
indeed a required input of the model, as was ajrdacetold in the description of the start-modelotide also that a
“saturation” block has been added to limit the festk, which in turn means engine power is limitedl ship speed is
limited as well; so it is no longer possible tol $aster than e.g. a jet-fighter can fly accordioghe model. This of course
increases the fidelity of the model significanthurthermore the partial and overall engine efficiea are calculated (in a
separate sub-system to keep the model neat). Hregeotted inFigure 10 as a function of load; actually as a function of
fuel rack but since the propeller is always couptethe engine and these are matched fuel rackrieasure for load. It can
be clearly seen that now indeed the overall engffieiency depends on the operational point of¢hgine and is lower at
lower load, which is well-known to anyone knowledfke about marine diesel engines.

Eadlursion

G loss o+l loss Tl )

FEZ 0SS0 COOING WTer LD Oil e1c. e ld

Wi
W_e
» oure j
W_ 03 c+W_Inss ré (1R _eng_nomy } _

Mechenical losse= due to frict on purps =ic. I COREED ¥ i Y2ioluiz) 1)

W_3
(&D
n_erg

Figure 9: Contents of Diesel Engineblock in start-model (top) and final model (bottom).
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Figure 10: Partial efficiencies and overall engine efficiency asa function of load.

A comparison of the changes in the engine envelmireg from start-model to final model has also bewue, but this was
not done by the students (as it was not requifEtiks is shown irFigure 11. Note that the case study object (beam trawler)
is, in hind side, not a wise choice for this coysece the matching of propeller and engine waddlifferent in reality than

is now suggested. Since the mission of beam travidetio fish by towing a beam over the ground aeid through the water,
the propulsion system must be matched very ligifithne considers the free-sailing condition, inertb leave margins for
the far heavier (almost bollard-pull) fishing comaln. Practically this means the gearbox ratio wlobhive been chosen
differently during the design as was done for tuarse. A bonus was promised to the students heagrtd of the course if
they would be able to figure this out. One out 8@lents did figure this out for which he got thghest grade in the course.

12000

—— M improved (X=100%)
——M, improved (X=75%)
—_ i
—MB improved (X=50%) e o
10000|| —— Mg improved (X=25%) / >

----- M, original (X=100%) ’/'

----- M original (X=25%) ) e

—— Load characteristic improved model ol

|| ===Load characteristic original model 4
8000 . e
e
'E ’
Z ’
°
E]
3
5 6000 o 7
Loy -’
° "
£ L
2 e
w -_— &
P —
-
4000 —om?
&"’
-
Lo
-
=
2000 227
- —
- —_—
....
-—
ol==="
2 4 6 8 10 12 14 15

Engine rotational speed [rps]
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RESULTS OF VOYAGE SIMULATIONS

Both start-model and final models can be used toal@ge simulations of the beamtrawlErgure 12 shows some of the
results; ship speed, distance travelled, amoufuedfconsumed and fuel rack setting. In fact, theesethe results of the first
experiment that is part of the first assignment.
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Figure 12:Results of voyage simulationsfor the start-model (top) and thefinal model (bottom).

The differences in the results of the voyage sitiuta between start-model and final model was tégjslyy somewhat
disappointing to some students. Experienced peoplenodelling know that increasing fidelity of a naddoes not

necessarily lead to large changes in output ofribdel, but the students are not experienced ofseodt low-fidelity model

can be very accurate as long as it is appliedligegitly; e.g. within the range of values valid filre model (remember
experiment 3). The higher-fidelity final model is this case more accurate than the start-modeltHisitis mostly a

consequence of a more realistic resistance cunaild\the quadratic resistance curve assumption heaea more realistic
(e.g. if another, lower-speed ship would have hesd), than the changes between start- and findehveould have been
even smaller. Higher-fidelity models are of coudsveloped to reduce the risk of errors and betheterstand relevant
processes, not to increase accuracy. They sucoehbi ipurpose by being more true-to-nature thaeromnodels, which also
makes them ideally suited to help students gaiiglsn the laws of physics.



FEEDBACK FROM STUDENTS

How should one measure quality of education? Th®vanis not so obvious, but an indication is astdaund in the
response of the students to the course. Clearylasturer you receive a lot of response from thdemts during the course,
but at DUT the students are also asked to filliraaonymous questionnaire after the course; githiegn the opportunity to
“speak freely”. The generally positive responseeieed from the students during the course weréirooed in the response
to the questionnaire; the course as a whole watedray the students with a 7.64 (on a scale of l0)o The results of the
complete questionnaire are listedTiable 2. Most grades are above 7.5, which is high comptregtades that are normally
given by students (for other courses) in the qoestire. Note that the questionnaire was onlydiltait by 25% of the
students that finished the course (24 out of 36yshard conclusions can be drawn from the results

The lowest scores were obtained for how well therse subject follows up on prior knowledge and lom assessment. The
latter is caused by the failure of the individuahmputer test at the end of the course. To make alustudents study the
model, the final model needs to be reproduced dusiromputer test. The location of this test wathatlast moment re-
located by the supporting staff of DUT and at tlegvocation Matlab and Simulink did not work. Tltiame across to the
students as poor preparation, which it in fact vesby not by the organising lecturers of the coukence the low grade on
assessment. This problem is easily solved thetimagtthe course runs. The difficulty with followingp on prior knowledge
is that it has to be assumed the students do wet dray prior knowledge on ship propulsion systeomy secondary school
physics. The focus on secondary school in the Miethés is however not on the application of physwkich is why it is
quite a step for the students to understand thembipulsion systems fundamentals course from gré&r knowledge.

Table 2: Student response to questionnaire

The course as a whole 7.64
The subject is interesting and challenging 8.08
The relevance of the course for the entire studg@mme 8.67
Suitability for group work 7.92
Following on prior knowledge 6.79
Course materiel 7.79
Required equipment 7.7
Available information on Blackboard (online teadenvironment) 7.63
Organisation of the course 7.5
Lecturers (organised, clear, enthusiastic, feedhatdraction) 8.33
Student-coaches 7.19
Clarity of what is expected 7.46
Assessment 6.45
Amount of time spent on the course with respe@@3 S 7.25

CONCLUSIONS

In this paper, | have described the design of a oewse on ship propulsion systems fundamentals avépecial focus on
the integration of Mean Value First Principle madiel an educational environment. Transferring krealge and insight into
the fundamentals and working principles of shipgstasice, propellers and diesel engines and theacttens between them is
a challenging goal; Mean Value First Principle med=ipport in achieving that goal by forcing stuseio reflect on the
laws of physics that govern ship propulsion systgemformance. Although many possibilities for impeavent and
expansion still exist for the course and it hagyoah for the first time now it is concluded thaty basis of observations on
the progress of students enrolled in the coursdtaidfeedback, the design effort was successful.

In the future the course will be expanded to inelmdore ship types. Also minor improvements in thganisation are still
possible, which will already be implemented thetrime the course runs. On basis of the humbertwadents that have
entered the Maritime Technology Bachelor of Sciepoegramme it is estimated that this next time wid done with
approximately 150 students enrolled in the course.
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