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Dimension prediction models of ship system components
based on first principles

Douwe Stapersma* and Peter de VVos’

ABSTRACT

In this paper we describe a generic way of sizirginmdimensions of primary equipment for marine
applications. Contrary to a straight fit through database the method tries to develop expressions in
which, apart from the main specifications in teroigoower and speed, the selection of the main machi
parameters has an influence on the ultimate ovetiatlensions of the component. The result is a “esbb
design model that uses in an intelligent way trst firinciples underlying the design of machined #mt

can be used in preliminary design of complex mastiobjects. The method will be illustrated for
components as diverse as electric machines, geasbard diesel engines but is thought to be generall
applicable.
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INTRODUCTION

The basic idea behind first principle based din@mgbrediction models of ship system components (nachinery or
equipment like engines, motors, pumps, heat exarargic.) is that the dimensions of a type of maatyi can be estimated
by sizing the core of that machine to the requipedver output using first principles. The core ofachine consists of
primary and secondary elements. The size of thearsi elements can be determined from the requiogeep output of the
machine. The size of the secondary elements cdeteemined in a next step from the size of the annelements. Together
they determine the size of the core of the macHime final step the actual machine dimensionstzapredicted from the
size of the core using regression analysis.

To give an example for a diesel engine the pringdeynent is the cylinder and indeed there is a firstciple relationship
between the size of the cylinder and the power wwut a diesel engine. The cylinders need to bebioed with a
crankshaft, which is the secondary element, in rofdethe engine to work. The core of a diesel pags therefore the
combination of a number of primary elements (cyirs) and a secondary element (crankshaft). Tog#tegrdetermine the
size of the core of the engine, which contribuigaificantly to the size of the overall machine.

In Figure 1 the process of predicting machine dimensions usirsg principles based dimension prediction modsls
summarized in a flowchart.

Sizing primary Determine Sizing secondary

Determine required . . ) .
q element dimensions of elements . X Predict machine
power output of o . | dimensions of the o ;
s . | primary elements of . P dimensions from
machine in design core of machines

) machines from first ) o core dimensions
environment . from first principles
principles

Determine Sizing machine

Figure 1. Process of predicting machine dimensions based on first principles.

The search for first principles based dimensiordiotion models of ship system components is pathefPhD research of
the second author. The PhD project MOSES CD (Mbdskd Ship Energy System Conceptual Design) ainmsgmve the
conceptual design of onboard service systems kalsan as platform systems or main and auxiliaryesys). It consists of
three major parts: network modelling for variatminsystem topology (de Vos, 2014), performance riodefor prediction
of system performance and dimensions modellingpfediction of component dimensions. This paper obsly is related to
the latter.

This paper is divided into five sections. The fgsttion elaborates on the general process forqgbiregimachine dimensions
from required power output using first principlesveas already introduced above. The second sed#iscribes the first and
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second step ifrigure 1, i.e. how the core of three different machinegsiwith required power output. The third section
discusses the final step Bfgure 1, i.e. how the three different machines size wiitkirt core. The fourth section shows the
correlation of the first principles based dimenspediction models with real machines, after whselstion five concludes
the paper.

GENERAL PROCESS

In a ship design environment the first step toifigddimensions of machines is determining theiunegd power output from
a load balance or similar. This required power ottp usually more or less fixed by the mission aiz& of the ship, which
are of course related. From the required poweruiutpe size of the primary elements of machineskbmifound using first
principles (step 1). In this paper we present fhectirelationships that exist between the sizéhefprimary elements and the
power output of electric machines, gearboxes aasealiengines by deriving them from first principl€kis paper focuses on
dimension prediction models for these machines.dhig however expected that the methodology asemted here can be
used for other ship system components as well. i§hiswever left for future papers.

For diesel engines the primary element (and secgrafed core) have already been introduced in thedaction. For an
electric machine the primary element is the rotat again there is a first principle relationshipgvieen the size of the rotor
and the power output of an electric machine. Thmesaan be stated for gearboxes for which the pipimves to be the
primary element. These first principle relationshgan be applied in a design environment to sieeptimary elements of
the machines, since in a design environment theepowtput of the machine is determined for maxintoatd conditions.
Once the size of the primary element is determinesl second step necessary additional elementbeaized as well by a
geometric analysis of the construction of the maehi For the electric machine this second step sngaimg the stator from
the rotor dimensions. For a gearbox this meansmteel is sized from the pinion dimensions and faliesel engine this
means the crankshaft is sized from cylinder din@ssi Together the primary and secondary elemerild bp the core of
the machines whose size is then determined. lirdhdhd final step an estimate can be made foditmensions of the entire
machine on basis of the size of the core of thehmacusing regression analysis. We will hypothesim a first order
polynomial function exists between the size of¢bee and the size of the complete machine.

This approach to dimension prediction (refefFtgure 1) leads to expressions for the dimensions of thehinas that have
more physical meaning than standard regressiolysiadlased dimension prediction models as nornualyg in comparative
studies; e.g. in the All Electric Ship project iretNetherlands (van Dijk, 1998) and (Frouws, 2086Y also in (van Es et al.,
2012). For the diesel engine the procedure wasestgd earlier (Stapersma, 1998) but not implemeamé&tnow.

Since regression analysis is still necessary ozeper level to fit the first principle based dimensprediction models to the
dimensions of actual machines (by fitting the fosier polynomial functions to dimensions data imachinery database), it
is not the objective of this paper to denounceasgipn analysis based models, but rather to adsigatyneaning to them.
Furthermore this paper contributes to understantfiaganalogies that exist between the dimensioappérently completely
different machines.

SIZING THE CORE OF ELECTRIC MACHINES, GEARBOXES AND DIESEL ENGINES

As discussed the core of the machines consistgimfapy and secondary elements. In this section wefiwst focus on
sizing primary elements from the required powepatiti.e. the first step of the process. Then #eord step follows: sizing
secondary elements from primary element dimensibogether they determine the size of the core ®htlachines.

Sizing primary elements
Start with the basic equation that relates powdpuduo torque and angular speed:

P=M[d=2nM[h [1]
Where P is power in W (or J/s), M is torque in Nmis angular speed in rad/s and n is rotational ¢peeevolutions per
second (rev/s or rps). From a more generalizedppetive the torque is the “effort” variable and tio¢ational speed is the
“flow” variable; power is the product of effort arfidw irrespective of the energy form that is relat. The three machines
that are discussed here all deliver or transmitimtal mechanical energy, so equation [1] is fiareall three machines
(electric machine, gearbox and diesel engine).
Now it can be shown that for all three machinespibwer depends on:

« A characteristic mean shear stressr mean pressure p in Nfmwhich is determined by the manufacturer of the
machine taking into account limitations due to mateproperties of the materials being used. Tharatteristic
shear stress or pressure is related to the torfghe anachines.

« A characteristic velocity v or ¢ in m/s that is@atietermined by the manufacturer on basis of Iigitnertial forces
and/or wear and tear (i.e. life cycle) consideraiolhe characteristic velocity is related to tb&ational speed of
the machines.

e Characteristic dimensions of the primary elemefth® machines.

The latter are of course of interest, since theabje of this section is to size the primary elatadirst. Applying the first
two ensures that the expressions for primary elémsiega are based on first principles. To derives¢hexpressions note that



the primary elements of the machines are all cyioad volumes of which the characteristic dimensi@ane diameter D and

length L (sed-igure2).
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Figure2: Cylindrical volumes - left depicting a rotor of an electric machine or pinion/wheel of a gearbox and right
depicting a diesel engine cylinder.
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For the electric machine and the gearbox the tothakis delivered or transmitted is determinedhsyforce F that is acting
at the circumference of the cylinder (as depictetha left inFigure 2), i.e. at the radius r of the cylinder (r = D/Epr the
electric machine the force F is the Lorentz forc&EbIF (ElectroMotive Force) that acts on the cutresrrying conductors
along the side of the rotor as a consequence afotiaéing magnetic field from the stator. For theign (and wheel) of the
gearbox the force F results from mechanical intevadaction = reaction) between the teeth of pingmd wheel. For the
diesel engine the torque that is delivered is ddtexd by the pressure in the cylinder that resnles force F acting on top of
the piston (as depicted at the righfigure 2).

The forces F that are present in all three machiesbe expressed as a mean shear stress or nessuarprin N/hby
dividing the force F by an area A. It should be bagized that it is not the intention to calculatéual shear stresses or
pressures present in the machines, but rather atkasdic stresses or pressures that will help rdeétee expressions that
relate power and size of the machines. This mdaatsthe stresses and pressures that will be defiaedot be measured
anywhere in the machine during operation even thahgy do have a relation with actual stressesmadsures. It also
means that the area A can in principle be chodatraily, yet it is practical to choose the aratianally in order to increase
the physical meaning of the model.

For the electric machine the area A that is chaséme rotor circumferential area, which is caléetbbyn-Dg-Lg, where I}

is the diameter andglis the length of the rotor in m. Since the rotontains current carrying conductors all around #ed
Lorentz force therefore acts all around the ratds logical to choose the complete circumfererdi@a. The intensity of the
EMF is thus characterized by a mean shear stressstipresent everywhere at the rotor side. In thaetstress as defined is
sometimes referred to as working force density v@rage air gap shear stress; amongst others (Heidge 2001) and
(Rucker et al., 2005). Again it is emphasized thi is not an actual shear stress, since the listteot equally distributed
over the area, but a means to relate power andngiomes from first principles. Thus for the electmachine:

M=EMFEER =T, (A, ZR:%[BRDD;DLR:MRWR 2]

This well-known expression, see a.o. (Kirtley, 20Ghows that there is indeed a first principletieh between torque of
the machine and size of the primary element (therydeing characterized by its diameter and lengthfact it can be
concluded that torque scales with volume. Also tangue can be delivered by a “short and fat” r¢small Lg, large ;) or

a “long and slender” rotor (largezLsmall Iy).. The length/diameter ratigz = L / Dy of the cylinder is a shape factor that
characterizes slenderness of the rotor and wilidel later on to relate dimensions of the primégnent to power output.
Clearly the intensity of the force F characterizeg the mean shear stress is a parameter that ésndeed by the
manufacturer of the machine, who will most probatily to push the limits of material properties wehiinaintaining
reasonable safety margins in order to deliver acoaspact-as-possible machine.

For the gearbox the force F is a tooth force (T} tlso acts on the circumference of the cylindet,only on a small part
since the force is concentrated on one tooth péierefore the circumferential area is reduced hy twes the number of
teeth on the pinionsz which means the intensity of the tooth forcetiaracterized as a tooth shear stress that is presen
mean shear area of one tooth at the nominal codiacteter (disregarding the fact that the areaebise will be larger and
that at that point there also is bending: agairaveenot calculating actual stresses but introdurfgrence stress).

A T T
M=TF P:TTB—P P:EEILEIDPZEILT:—TWP [3]
2 2[z, z, z,

As before torque is a specific shear stress tifeptimary element volume and the similarity betegrpressions [2] and
[3] is clear, so the gearbox manufacturer can $imeprimary element in a similar manner as an gleagnhachine



manufacturer. A new parameter is the number ohttett on the pinion is limited to a certain minimadue to curvature and
the risk of undercuttting the tooth profile.
For diesel engines similar expressions as equatidhand [3] have been derived in (Klein Woud et 2003):

1. i
M=-G-p D 0.=——p [V 4
8 kmme B S zn[kmme S []

In this expression the mean shear stress as wedsrugguations [2] and [3] for electric machine ayehrbox respectively
has been replaced by the mean effective pressyren (N/n¥, which is a well-known performance parameter farime
diesel engines. The reason for this is that theefér acts on the top of the primary element (pjstostead of at the side of
the primary element (rotor for the electric machare pinion for the gearbox). The term i/k représe¢he number of
cylinders i in the engine and the number of revohg per power stroke (k=1 for 2-stroke and k=24&etroke engines). This
is another difference between diesel engines amatter two machines; the fact that the torquénefrhachine is the result
of a number of primary elements working togethéerimittently instead of one primary element workoamtinuously. Still,
the similarity between expressions [2], [3] and [4]again apparent and for all three machinesit lwa concluded that
torque scales with volume of the primary elements.

The three expressions [2], [3] and [4] for the teff variable torque in expression [1] have besteli in the second row
of Table 1. In the third row the rotational speed of the niaeh (flow variable) has been related to a chariastie velocity;
tangential velocity at circumference for electriachine and gearbox and mean piston speed for #seldéngine. These
velocities are limited by inertial forces or by wege. life cycle) considerations. They are agaranufacturer” parameters
and their values tend to lie in a limited rangd.tAtee expressions show that rotational speeavisrsely proportional to one
of the characteristic dimensions of the primaryredats. This is echoed in the well-known fact thachines with higher
rotational speeds are smaller.

In the final row the expressions in the second thirdl row are combined using equation [1] to arrateexpressions that
relate power output to machine specific parametetsrmined by manufacturers and size of the prirebesnents. Note that
power always is the product of a characteristia afethe element and a “Technology Parameter”létier being the product
of a characteristic stress or pressure and cirawmfi@l or translational speed).

Table 1: Overview of torque, speed and power relations as function of size and machine specific parameters.

Electric Machine Gearbox Diesel Engine
Effort M_T[ﬁ D20 M :EGTLDD 2 M_Egi—m) D20
- 2 R R R P 4 z P T - 8 kM B s
Flow A VY, Cm
n= np = n=
nD, niD, 2L

Power v i
P=mlt, 0, [Dg [lg P:%[BTTZ_lEDPD-T p:%[[-fk-@)mem:mDDBz
P

However in a ship design environment power as fanobf dimensions is usually not of interest. Ittle inverse that is
sought after: dimensions of machines as functiopafer, as was already discussed before. Also igrd@smay want to
vary rotational speed (to vary size of the machiae) shape factaxt = L / D (to fit the machine in a certain space).
Therefore the power equations Tiable 1 are rewritten to include rotational speed and shaptors); see second row of
Table 2. These relations are written such that the rigmdhside has the parameters that are more orixessdy technology
and the manufacturer while the left hand side gihesdesign choices of the user of which power speked are prime of
course. For the electric motor and pinion he/shreptay with the L/D ratio and for the pinion perlsagomewhat with the
number of teeth (but as said there is a minimumbmrmin fact around 20). For the diesel enginecti@ice between 2- and
4-stroke and number of cylinders is a further degrefreedom.

Table 2: Overview of dimensioning equationsfor primary elements based on known power .

Electric Machine Gearbox Diesel Engine

POY _ 1 s [h,? P’ 1 dDEmZ T ¢ °
==l W P = w oo = 3k =T P

Ae T ZPdDAP Ay, T i 32 A]

31

D= ot _p D= |2a—% __p D, = 8, k P
Tew IV, A ™ TV, A, mop, e i

2
L, = ig)‘_RDp L, = Egﬁ@ L = §g%d3
T Ty LV, T sV, ° pmelﬁm :




Finally the equations in the second rowTa@ble 2 can be rewritten (using some algebra) to find esgions for the diameter
and length of the primary elements as a functiompoiver; these are, as promised in the introductfwst principle
relationships between size of the primary elemant$ power, see row 3 and 4 Déble 2. Apart from power the size is
determined by three main manufacturer choices: picdl stress 1) or pressure (p), a typical circumferential) (or
translational (g) speed and a shape factor of the element (L/[®setare the three “players in the game” of whiehfirst
two seem to be limited by material properties fibttmee machines. For the gearbox additionallyuanber of teeth on the
pinion (z) is required and for the diesel engine the nurobeylinders (i) and the number of revolutions pgcle (k).

Sizing secondary elements and core

Now that the primary elements have been sizeditbestep of the process for dimension predictibrelectric machines,
gearboxes and diesel engines is finished. The sestep is sizing additional elements whose sideviofrom the size of the
primary elements.

For the electric machine this means adding an iaddit “manufacturer” parameter: the rotor/stat@ndeter ratio s = RDs.
Figure 3 shows a schematic of electric machine core coctitru (both in transverse and longitudinal direcjiand defines
important dimensional parameters.

stator

stator

rotor

e Il I —

Figure 3. Schematic of electric machine core construction.

In contrast to the additional parameters that aeded for the gearbox and diesel engine for siggmpndary elements
(which will be introduced shortly) the rotor/statdiameter ratio s regrettably is not a functionatgmeter that can be
determined by the designer of ship systems. Howgyscal values for s can be found in literaturay. €Miller, 1989);
values are in the range of 0.45 — 0.55. This atlgaves an idea for s which means the size of#tendary element (stator)
is now found from the size of the primary elemeantdr). Normally the stator length will be equalrator length as well.
This also means the core dimensions of the elegtdachine are now found. In this case the primagynent is completely
surrounded by the secondary element, therefore:

Lcore,EM =L S:L R

Wcore,EM = D S: D R/s [5]

Hcore,EM = DS: D R/s
Note that for the gearbox, once the primary elenfginion) is sized and the gear ratig is given (or rather; chosen by the
ship system designer), also the secondary eleméwte() is sized, since:

z, D n A

=W _"W__P__P [6]

Z, DP Ny )‘w
The last ratio (of L/D ratios) only equalsiif the length of the teeth on pinion and wheel thiee same (b= Ly = Ly), but
this normally is the case of courdeigure 4 shows a schematic of gearbox core constructiomh(bo transverse and
longitudinal direction) and defines important diriemal parameters. From this figure it can alsactecluded that in this
case the fact that the size of the secondary elecaenbe found easily does not immediately resuthé core dimensions of
the machine, since the pinion can be horizontallyestically offset with respect to the wheel (ongething in between). The
offset is characterized by the angleMany single marine gearboxes (SISO = Single Ir§ingle Output) will have a vertical
offset in order to be able to place the gearbofaaback (and low) in the ship as possible, buhthgain for double marine
gearboxes (DISO — Double Input Single Output) aréhborizontal offset may be chosen in order tawbsufficient space
between the two driving machines. In the latteredéagure 4 should of course be expanded to include a secomndnpas
well.

IGB
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Figure 4: Schematic of gearbox core construction.

The core dimension of single marine gearboxes et@rchined by:
L =L,

core,GB —

W ore,GB = max

C

[DP+DW+DP+DWROS{G) JQVJ [7]

H = max ¥ csin(a) ;DNJ

core,GB

(DP+DW+DP+D

For the diesel engine the secondary element i€ridmekshaft. The dimensions of this secondary elérasmnjust as easily
found as for the gearbox if one realizes that tlaendter of the crankshaft must be equal to the&stlength. The length of
the crankshaft is also relatively easy and is dgmssndetermined by the number of cylinders that aonnected to the
crankshaft and their diameter. For a Larggine the core length of the crankshatft is theeeéstimated asDg. For a Vee-
engine the story is different of course; here warege the core length of the crankshaft to-Bg i 2.

Determining core dimensions for the diesel engimenfprimary and secondary elements is however rratiffecult, at least
more so than for the electric machine and gearnbesause of two reasons; the engine might be adr, &en a boxer motor
(horizontal cylinders opposite of each other tol#feand right of the crankshaft — in fact a vepecific V-engine) and the
construction type may differ because of eitherkrpiston type construction or crosshead type canstm.

In Figure 5 again a schematic of core construction of the rimecim question is given (in both transverse angyitudinal
direction), but this time for a hypothetical V-engiof crosshead type construction. These typesgihes do not exist
(although designs for them have been made in thg,gaut this figure shows best how to derive gahequations for the
core of diesel engines in all possible cases: LV-engine is characterized by anglend the difference between crosshead
and trunk piston type (conceptually at least) &s ¢hxtra stroke length that exists between the etzadk outer diameter and
the bottom of the cylinder. This extra stroke léndbes exist for crosshead engines, since thelwadstravels onedas
well, but for trunk piston type engines this exsteoke length is zero, since for these enginestittom of the cylinders
conceptually “touches” the outer diameter of thenkshaft. To account for this the parameter “ctingtruction type) has
been added; a basic assumption is ct = O for tpistlon type engines and ct = 1 for crosshead tpgées. In a more refined
model for ct an allowance can be made for the lenfthe connecting rod and the fact that the hedfithe piston at Bottom
Dead Centre must be added to the stroke lengthinBurmation on connecting rod length and positienght normally is not
available so a pragmatic decision is to includénledfects in the fit of the machine dimensions.

Careful analysis ofigure 5 leads to the following expressions for the sizéhefcore of diesel engines.

Lcore,DE =i B for L engines
Lcore,DE = % for V engines
W2t [ 10 00, Jrsif 4 B o) o
’ 2 2) 2 2) 72
L

Hcore,DE = % + max((l__zs + ( 1+ Cb DLSJ RO{%) + D—; | Sl(gz) ,_Sj
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Figure 5: Schematic of diesel engine core construction.

SIZING MACHINE

Now that expressions have been given that relatemiions of primary elements to power output of hivees and core

dimensions to dimensions of primary and second&gnents, the question becomes: how is size of dre celated to

machine size? This of course depends on the caafign of the machine that will be the topic ofstsiection.

Start again with an electric machine. The shapenaélectric machine actually resembles the shajts obre (stator + rotor)
meaning the machine is also a cylindrical volumieisTcan also be seen froligure 6, which is a drawing of an electric
machine of a well-known electric machine manufaatu

L | I AE

LE AC
LD
|
N Jand \ P
AMI
.
ya
[4 . BN R *
D -l . . [ A\ *é\ﬂ )--l '
I !]I w! | L/ % §IT
Ey g .
£ £ | 1

However, it also becomes clear frdfiigure 6 that extra volumes are added to the machine. Thia neason for this is
required cooling of the machine (although the teahibox also requires quite some room). For smalectric machines

with open cooling a fan at the free end of the nraeland cooling vanes around the housing will seffior the required

cooling. But for larger electric machines the hestnot be dumped directly in the environment sg tre closed and heat
exchangers for cooling are required. The locatibtihese heat exchangers represents another defgireedom (on top or at
the side or perhaps even some distance away freraléictric machine). The sizing model may also defor synchronous
machines and in particular generators. Then thaéezxand power electronics are further additionghi size of the electric
machine.

Now a mathematical relation needs to be assumeekebatcore dimensions and machine dimensions i todee able to fit

the model to actual machine data. Many optionstepaynomial functions, power laws or even Fouseries, but since the
idea behind the model is that the core dimensibready represent a significant part of the actuatiine dimensions a
rather simple, but perhaps effective, relationsisuaned. It is therefore hypothesized that the ridettachine dimensions are
related to the core dimensions with first orderypoimials:



LEM :AO +Al I]]' core,EM

WEM = BO + Bl DNmre,EM [9]

HEM = CO + Cl EHcore,EM
In these equations the length, width and heighthefentire electric machine are given as functibthe earlier derived
dimensions of the core (expression [5]). The potgiab factors A, A4, By, By, G and G can be used to fit the dimensions
of actual machines, so here regression analysisaded to find appropriate values for the coeffiseln order to make the
coefficients dimensionless, the actual dimensiomstae core dimensions could also be normalizedguaitypical machine
as a reference. This benchmark machine must pbiyeb@ somewhere in the middle of the design spllote that it is
possible to fit dimensions of actual machines usirdatabase containing dimensions of real machingst is also possible
to estimate machine dimensions with this modeldatabase is unavailable or outdated. The onlynmdtion required to do
S0 is a reasonable estimation of the coefficientsBA and G and neglecting & B, and G (as will be done shortly). One
could say that this approach to dimension predictimdels enables “rubber” machines that are dinaesi according to a
designers insight instead of manufacturer data.
The success of fitting machine dimensions usingctefficients A, B and C is determined by the degnéth which the
dimensions of actual machine differ from the coimeahsions, or rather the variance of this degneeghé case of electric
machines for instance the already discussed diffez@oling methods cold pose quite a “disturbarme’the values of the
coefficients A, B and C, if the cooling is to belided in these coefficients as well. If so, one ergpect a step change in the
value for C for instance when electric machines@wfrom open cooling to closed cooling by the ‘e’ addition of a
large heat exchanger on top of the machine. Suohkiderations could lead to more advanced matheatatéations to fit
the dimensions, but it could also be accepted r@snaining weakness of the method and a reasomfama that uses this
method to think critically on what he/she is figginThis is true anyhow, no matter in which manregression analysis is
applied to fit data.
Figure 7, which is another manufacturer drawing, suggdsitd similar mathematical relation between macHinensions
and core dimensions can be assumed for a gearfox the electric machine:

LGB = A 0 +A 1 m core,GB
WGB = BO + Bl |],\/core,GB [10]
HGB = CO + Cl I:Hcore,GB

Especially from the front view (right hand sidekifjure 7) it can be seen that the dimensions of the macttoald size
with the core dimensions: the bottom circle in thigldle of the gearbox represents the flange ofotltput shaft which is
attached to the wheel while the relatively largeleinear the top represents the aft bearing oinat shaft that contains the
pinion. The smaller circle above this “pinion” d&ds the flange of another output shaft: for a/PTO (Power Take In /
Power Take Off). Whether or not a gearbox is eqeippith PTI/PTO is another example of a disturbathet can cause
variance in the coefficients A, B and C. Anotheamyle of such a disturbance for gearboxes is whetheaot the thrust
block is integrated in the gearbox. Note that ang(eefer toFigure 4) is in the example is 90°, which will often be ttese
for single gear units as especially width of a geameeds to be as small as possible to be alplate the gearbox low and
far to the back in a ship; where the ship hull w#él narrow.
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Figure 7: Typical gearbox construction. Source: online RENK catalog of single gear units (see references).
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For the diesel engine again the same relationshigpassumed between machine dimensions and coeasions:
Loe=A,+A L

core,DE

W = B +B |],vcore DE [11]
DE:CO-‘-Cll:H-I

core,DE
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Figure 8: Typical diesel engine construction. Source: online M AN catalog of marine diesel engines (see references).

From Figure 8 it can be seen that also for the diesel enginectine dimensions indeed represent a significarit gfathe
machine dimensions. In this case a trunk pistoe tygngine (ct = Oq = O; refer toFigure 5) is shown and length should
indeed size with-Dg, width of the machine is approximately (at least at the bottom) and height should indeec
multiple of 2L, refer to expression [8]. On the other hand thbdcharger with its related air and exhaust gasobla
(inlet receiver, charge air cooler, outlet receiwtc.) represent quite a disturbance factor. Hmeesapplies for cooling water
and lubrication oil provisions attached to the aegiThen again, such provisions are always theren(éhe turbocharger,
which formally is optional, is a standard pieceegfiipment on marine diesel engines nowadays), swpse the variance of
coefficients A, B and C is not so large.

MODEL CORRELATION

After having introduced the assumed relations betwaore dimensions and machine dimensions in #nqurs section the
real question now is: what are typical values fugfticients A, B and C for the three machines amétis their variance. An
equally important question is the range of the npairameters, i.e. the characteristic mean shessstr mean effective
pressure, mean circumferential or piston speediaallly the L/D ratio and whether these three “@es/in the game” can be
easily selected.

For diesel engines the manufacturers provide afldata; therefore we will discuss the machinesirersed order and start
with the diesel engine. First of &lgure 9 shows the “players in the game” and in particthiartwo parameters that, when
multiplied, make up the “technology parameter”. ¥hee in a confined space with mean effective presbetween 20 and
30 bar and mean piston speed between 8 and 13 h@sshape factor” shows two distinct groups, the speed 2-stroke
diesel engines having much larger L/D values themtedium and high-speed 4-stroke engines. Thémvelang stroke of
the slow speed engines adapts their rotationaldsiuetie propeller such that no gearbox is requitésb the long L/D
together with a low mean piston speed is benefforathe uniflow scavenging process that is critfoathese 2-stroke
engines.

Figure 10, Figure 11 andFigure 12 present at the left side the correlation betwéeractual length, width and height of the
engines and the theoretical values as obtained ifiepection of the core model.
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Figure 9: Range of mean effective pressure, mean piston speed and L/D ratio for diesel engines
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All correlations show that the constants By, and G can safely be discarded leaving the inclinationsBAand G to be
fitted. These then effectively can be regardedpasific length, width and height that are showthatright side ofigure
10, Figure 11 andFigure 12.

Length correlates well, in particular for slow sp&estroke engines where specific length has aevaljust over two times
the core length. Scatter for medium and high spegihes is worse and also they seem systematioalher in terms of
their specific length, in particular the medium epé&/-engines. This of course is caused by the tirhigers being often
mounted at the end of the engine.

Width correlates well within product groups of eameg but not well across them. Low speed 2-strokéees are between 2
and 3 times the core width. V-engines, both medimah high speed, are 3 to 4 times the core widthnaedium speed L-
engines 5 to 7 times the core width. The lattemsesurprising but the explanation must be that euhel outlet receivers,
camshaft and fuel pumps, that for these engineattaehed to the sides, make them relatively wide.

Height correlates well for slow speed engines aadonably for medium speed engines but less dugbrspeed engines.
The reason could be that for these engines thec¢herger(s) are sometimes mounted on top, spdhi@gicture. Somewhat
surprising is the fact that slow speed crosshegihen are with a specific height of around tebatively speakindgower
than medium speed engines with their specific hdighween 4 and 6 and certainly than high speethesgvith a value
between 4 and 7. Of course the extra height oflidang bearing is in principle allowed for in tkere height of the low
speed crosshead engines, which is far larger thrahié other engines as can also be concludedFigare 12.

For gearboxes the data up to now are scarce: wedtwwe data for eight Single Input/Single OutplB(H gearboxes,
connecting a medium speed diesel engine to a peoeld for one 2-stage locked train high speedbgeafor connection of
a gas turbine to a propeller. In fact we only haumber of teeth, input power and input speed, budatual dimensions of
the teeth. Thereforgigure 13 not only gives the spread between the 9 gearboxbe database but also a scatter in the way
the mean tooth stress, circumferential speed anddtio have been reconstructed.

Nevertheless by inspection Bifgure 13 spread of the range of value of the “players engame” seems for gearboxes much
wider then for diesel engines. The circumfererged at least ranges between 10 and 80 m/s, bupér high-speed
gearboxes (which are not included in the datatket) may nowadays be as high as 220 m/s. For tha toeth shear stress
as defined in this paper the knowledge really rbesbuilt up. A value of around 60 to 80 kN/mfar medium speed
gearboxes seems to be the case and a somewhat Vediefor high-speed gearboxes for maritime gdsites does not
seem unreasonable.

For only 3 out of the 8 medium speed gearboxes mhinaal drawings are available and for the higheddecked train
gearbox there is an indication of the size. Scsthe correlations ifigure 14, Figure 15 andFigure 16 must be regarded
with some reservation. Also these figures not ahigw the scatter between the (only 4) gearboxealbatthe scatter as a
result of the uncertainty of the reverse engingepirocess by which the points are reconstructedtHeohigh speed locked
train gearbox the core model was expanded, buddtegls will not be explained in the paper.

Nevertheless the fact thathigur e 14 the specific length of the medium speed singlgestgearbox (with a value between 6
to 10 times the core length) is relatively londart the 2-stage gearbox (with a value around 4hseeasonable in view of
the fact that the distance between the two gemustia the high-speed gearbox “costs” relatively moich length.

For the width and height correlationshigure 15 andFigure 16 the value for the specific width and height foe thedium
speed single stage and high speed 2-stage geabms ©f equal magnitude between 1.5 and 2, sodmrrary to diesel
engines the conceptual model work well across mrogoups. This is not surprising since width aedyht are dominated
by the size of the big wheel.
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Figure 13: Range of mean tooth shear stress, circumferential speed and L/D ratio for pinions of gearboxes
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Finally for the electric machines it must be emjred that there is also uncertainty in the datheyatd (though not so much
as for the gearbox). Especially rotor dimensiongehzeen hard to find and some uncertainty existsanvalues for
rotor/stator diameter ratio s. Still by carefulpestion of machine drawings and application ofd¢gpivalues for s a
reasonably well filled database could be constditiiat provides some confidence in the figureswelo

Figure 17 shows again the spread of the range of valueeofglayers in the game”, which for electric machiriiéke for
gearboxes) seems to be much wider then for diegghes. The circumferential speed ranges betwesmdB0 m/s
according to the database, but (Rucker e.a. 20@5}ions a value as high as 200 m/s for a 13000Rdhgenerator for

naval applications. They also mention that suclgh bircumferential speed limits the attainable mehear stress, for which
they assume a value of 15 kN/mriiromFigure 17 it can be seen that higher values may be founfédinthe mean shear
stress ranges from 15 to 80 kN/fim the database. The limits of mean shear stedss (eferred to as force density) have
been investigated by (Grauers e.a. 2004) and theslede a maximum of 100 kN/nfrexists, but slightly higher values
have already been found for special cases. Eithagr both literature and the gathered values ird#tabase suggest that the
product of mean shear stress and circumferentegdspihich was introduced as the “Technology Paterhés limited.

This results in a decreasing line serving as & liomimean shear stress and circumferential speleidh indeed can be
observed irFigure 17. The L/D ratio for rotors was estimated on basisiachine drawings and show little spread,
especially within product groups, which can be akmd by the fact that product groups use simibarsings. Machines with
a low number of poles (2 or 4) might have somewiigtier L/D ratios for the rotor since they need enspace for the salient
poles of the stator. This does not change the difaea of the housing, since the rotor/stator di@meettio s then also
changes (in the opposite direction).

Machine dimensions and core dimensions correlatieaspecially within each product group, like foetdiesel engines, as
can be seen fromigure 18, Figure 19 andFigure 20. An exception (positively) to this rule is the ¢gh that also correlates
well across all product groups. The reason for lwadtd height only correlating well within producbgps can be found in
the fact that terminal boxes (TB) and heat exchem(¢E) have been taken into account in machinesdgions as well and
they affect only width and/or height (dependingtiogir location). The 3GBM product group does natude a terminal box
or heat exchanger; the HXR group includes onlymiteal box, while the AMI group includes both. A alinexperiment was
done by not taking into account the TB and HE fer HXR and AMI group, from which could be concludbdt all
dimensions correlated well; also across produatgsoA designer however is interested in the olvdiadensions.

From the left hand side figureskigure 18, Figure 19 andFigure 20 it can also be observed that, contrary to theetlies
engines and the gearboxes, the coefficiegtd8Aand G have a non-zero value (although a value of zeobddoe assumed
of course; but this leads to a larger spread ifffictents A, B, and G). Coefficient A has been estimated as 0.4,a8 0.4
and G as 0.5 by extending a linear line running throtighdata points. Values for, Aright hand side ofFigure 18) can then
be found to be in a narrow range of 1.15-1.45n# discards the DC motor: this is a relativelynfichine (small L/D as can
also be seen iRigure 17) and also has a very low speed (200 rpm), sositghlarge number of poles. Ultimately the range of
values for specific width Band specific height s larger (0.6-2.1 resp. 0.4-2.4), which is agarasult of inclusion of TB
and HE in machine dimensions.
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Figure 17: Range of mean Lorentz shear stress, circumferential speed and L/D ratio for rotors of electrical machines
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CONCLUSIONS

In this paper, we have presented a generic methrgorédicting dimensions of primary ship system ponents. The method
has successfully been applied to diesel enginerbgres and electric machines and is thereforegtitoto be generally
applicable. Similar methodologies can be founchimdomains of the respective machines, but assfireaauthors know no
one has ever tried to use them as generic as wesidadhis paper.

There are two main benefits of the proposed methaa direct fitting of machine dimensions data darection of power
and/or speed as is often done. First it is posshkxplore the influence of (future) technologydimensions of equipment.
Second the cause of the scatter in the regresaagsis can be understood better and all modelsagsrt from mean values
for the fit constants also be provided with a stadddeviation for them. That way it is possibleintroduce uncertainty
analysis in the design process.

In order to apply the method to realistic desigestions it is necessary not only to know the canista the regression but
also the limits in the characteristic stress anekdpdiagrams introduced in this paper in conjunctiith any limits on the
shape factor L/D. In particular for gearboxes atettecal machines the author's database at the enbis too scarce to
provide that insight.

Future work therefore will focus on the one handgathering more information on diesel engines, lymegs and electric
machines in order to expand the database, theretvgdsing the knowledge about the limits of theehmain machine
parameters and improving the fidelity of the fiminciple based dimension prediction models. On dtieer hand the
methodology will be applied to more ship system porrents (pumps, gas turbines, heat exchangersribatetc.) to assess
whether it is indeed even more generally applicablé seems to be now.
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