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Abstract

This paper presents a concept of method intendethéassessing of operation of engine which wankder
partial load. A valuation ( quantitative) approath the operation interpreted as a physical quantitias applied to
determine existing margins of operational parametef engine as well as additional costs associatgth
degradation of its technical state, born by engingser.
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I ntroduction

From the point of view of operation aims generagdoperational system in the form of
transport tasks for ship considered as a techsistem, ship propulsion system is intended for
realization of assumed sailing speeds of the shipirwa given period and determined range of
changeability of external conditions.

Hence the functioning of the ship in steady motith speed v is determined by description
of a system of forces acting on ship’s hull, thext e analytically represented ( on assumption of
neglecting the gravity and buoyancy forces) ao¥ed [3, 10]:

T=R; +AT (1)
gdzie:
T — thrust of the propeller,

AT — thrust deduction,
Rt — total hull resistance.

The interdependence of ship resistance and eféegiower of main propulsion engine for
steady sailing speed is described by the folloveqgation [3, 10]:

N = R; [v
nlw ms

)

where:

v — speed of ship,

Nnw — efficiency of shaftline,
Ns— propeller efficiency.



Knowledge of the quantities appearing in Eq.(2) esait possible to properly select all
elements of propulsion system in the designing  estag [9, 10].
Considering the sailing speed to be an independerdable which definitely determines two main
factors associated with realization of objectivedion, namely :

* duration time of realization of transport task, @hidefinitely influences costs of its

realization and potential profits to ship’s owner,

» possibility of maintaining an assumed ship courskaavy weather conditions, which first

of all influences occurrence probability of an egegrcy situation,

one should observe that during ship operationeatiaining quantities undergo changes due to
degradation processes which involve evolution ef phocess of technical state changes towards
technical unserviceability states. It obviouslyluehces serviceability of system’s elements and
,consequently, of the entire system.

On assumption that main propulsion system of stdp heen correctly selected, the hull
resistance characteristicss R f(v) constitute the factor which generates dednéor effective
power developed by propulsion engine for reachingjven sailing speed of the ship [4]. The
characteristics determine, for assumed conditioredpe of developed effective power of engine
neccessary to reach a demanded sailing speeceldtavely short period is taken into account then
it can be assumed , without any large error, thatrépresentation is invariable.

In practice, an important change of the relation=Rf(v), resulting from influence of the
environment and physical ageing processes ( eslyeafawear, e.g. corrosion ), occurs , whose
external symptom is a rise of value of the forgeaRgiven values of the speed v in comparable
sailing conditions. Long time intervals betweencassive ship hull docking surveys ( possible
repairs) are of special importance because suehvads , depending on a type ( class) of ship and
given classification rules, vary from 3 to 5 yeprg. 12].

In selecting the main engine in the stage of skigighing the above desrcibed processes are
taken obviously into account, that is manifestedkilifully selected design characteristics of ship
hull resistance as well as by application of theaited sea margin during determination of the
main engine contractual powek N9, 10], which makes that the main engine usuladlg certain
power surplus as compared with assumed designsvafuaull resistance. It means that in the case
of typical transport task for a given ship its magngine will be used in a load state lower than
rated one [1].

However, the existing power margin which guaransdeg safety, is systematically decreasing
due to the above described phenomena and the virngsain operational characteristics of engine
itself.

Hence, it seems rational to elaborate a methodd&iermining the existing margin of
operational engine parameters associated with datjoa of its technical state, and the additional
costs born by its user.

Influence of change of technical state of engine on its operation

Worth mentioning, in the light of the above desedbpower surplus of main propulsion
engine, that for the engine running under partalds the process of decreasing the available
output power will develop in two phases:

* in the first phase hourly fuel oil consumption wile solely ( at a relatively constant value

of developed torque ), and in consequence opeatamsts will be also higher;

* in the second phase a limitation of value of effecpower developed by the engine will

occur because of constructional constraints arlddapossibility to increase fuel charge.

The described phenomena result from control aatibfuel apparatus which will increase,
within a given range of values, the instantaneoes$ ¢harge g (g, - fuel charge foi% load of
engine being in the technical serviceability staeer assumption that the maximum engine load
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amounts to 110% of its rated valué<110) up to the instant of reaching its maximum value
Gpmax Every successive decrease of value of enginé effiaiency will result in a recordable
decrease of its torque gV

If to assume the engine partial load to be congtang. for 9RT—flex60C—-B engine : 85%

engine load, the contractual output powgrN80% Nz; = 17370 kW, the contractual engine speed
Nk = 90% k1 = 102,6 rpm [13]) the phenomenon in question capiesented in the form of the
diagram (Fig. 1) of the following interpretation :

» the time-dependent drop of the engine’s total &fficy (in the case in question by about
9%) results , in the first phase, mainly in an @ased hourly fuel oil consumption (
specific fuel oil consumption). It can be represenas the occurrence of the successive
recordable events F which consist in increasingftieé charge Q% by the valuelg, at a
relatively constant , relevant to a given engirelstate, value of the torque,M his way,
increased operational costs are generated rathieowviimposing limitations on the ship
motion parameters described by Egs. (1) and (2).

» the degradation processes progressing along wite 6f further use of engine result in
occurrence of the recordable events U which consistecreasing values of the engine
torque M, at constant fuel oil consumption ( af ®G, may. Further long-lasting use of the
engine results in the significant worsening of dtaracteristics which definitely impose
limitations on ship motion at an assumed speedoarse. In heavy weather conditions
such situation will obviously form an important aimstance for occurrence of state of
danger to ship safety.
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Fig. 1 Changes of engine fuel charge and torqukichv result in changes of total efficiency of #mgine
running under partial load

Assessment of available power margin and additional operational costs of engine

The number of repetitions of the eventNEy, , within the time interval (0, t) is a random
variable of non-negative integral values. The ddpece of the random variable on time

:t20}

constitutes the stochastic proce{g\é(t) . On the assumption on its stationarity, lack of
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consequences and flow singularity [5] the Poissomogeneous process [2] can be applied to
description of the process of increasing the fhalrge g'% (6) resulting from the decreasing of the
total engine efficiencyle (in maintained engine load conditions ).

Hence, in the case if the number of the events f,,Noccur up to the instart the total
increase of the fuel chargg"/g, up to the instant, can be expressed as follows:

4G, = Agy Ny, 3)

where:
AG, - total increase of the fuel chargeafter occurrence dfl,q, number of the events F,

(1]

Agp, — elementary recordable fuel increment by whiah ftrel charge,{f increases , whereas
the random variablBl,, has the following distribution [1]:

Kk
oM =)= 2 L ern ) k=120 @
where:

As — a constant interpreted as the intensity of aecwe of the event F (i.e. increase of the fuel

charge ¢” by Ag, value).

Assuming that the unit fuel charge increaseAgy value generates the additional unit afpst
(realization of the same task at an increaseddiiebnsumption) one can determine its total value
@, up to the instartt, as follows:

® =6 - AgpMagp (5)

For the engine load smaller than maximum, the sumrh#l charge increasAG, and

occurrence of certain number , Ay , of the events F affecting solely the increasafighe unit
fuel oil consumption gand hourly fuel oil consumption,B can be determined by the following
relation :

AG ot O = AGp N gp + 9= Gy max (6)

pmax

where:
gp'% — fuel charge relevant to a given engine lo&d (under assumption that the maximum
engine load is equal to 110% of its rated load, ik&10)

G,...- maximum fuel charge possible to be realized Ipgction apparatus within existing

pmax
constructional and control limitations.

Occurrence of the successive event kg N'agp + 1) for the current engine loado will be
associated with occurrence of certain limitatiom@veloping the demanded power of the engine ,
and in consequence limitations for motion of thare ship, will occur.

As the effective output power of engine can be esped as follows [11]:

ne |]Nd @IS/O |]l

T

N, = (7)

where:
Ne — effective efficiency of engine,
wy — fuel lower calorific value,
gir‘)’/°- temporary fuel charge (for % engine load),

n — rotational speed of engine,
T - a coefficient which takes into account numbestobkes realized during one engine
working cycle,
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as well as on assumption that the changing progkssgine technical state is continuous over
time and states, the situation can be illustratetieé way shown in Fig. 2.

16000 320000
——N'(t) —e—N" t
— -Dw Dm D'

15000 A

-~\\\\‘\\\\u\\» 1k\\\\\\\‘--\‘ 2
| 7
! Pt
14000 | L a——
| As a>Dw
| : |
| 7 M i
13000 ' o ! :
I
[}
I
I

S~

r 170000

r 270000

[kw]
ration
[kJs]

Ope

12000

Effective power of engine

11000

i - 70000
10000

2 t’ tm2
i . | ! i
9000 +—= ‘ ‘ ‘ N . - 20000

1 3 5 7 twilm 11 13 twz 17tm3 19

Time
[relative unit]
Fig. 2Change of engine operational characteristics, whiesults from degradation of its technical stalg -t
demanded time of realization of the task J, -Pdemanded value of operation for realizationhaf task 1,} —
demanded time of realization of the task2tpossible time of realization of the task 1 ia $ituation A (described
in the text), t,— possible time of realization of the task 2 ia #fituation B (described in the text); + possible time
of realization of the task 2 in the situation Agdébed in the text), |3 — demanded value of operation for
realization of the task 2, [p- possible operation of engine in the situatign® — possible operation of engine in
the situation A.

By introducing the notions of the demanded openafdy and the possible operation,D
whose detail interpretation can be found in [68]7the phenomena graphically presented in Fig. 2
can be highlighted as follows:

* in the case of a hypothetical lack of possibilifyirecreasing the fuel charge ( the situation
A') a drop of total engine efficiency will resutt a sudden drop of its effective power — the
line N”(t) — that , apart from producing a situatibazardous to ship safety , during further
degradation of technical state of engine , will sextending the realization time of
transport task from the instagt to tny,

» if at engine patrtial load it is possible to increake fuel charge within the interval of

value5<gz/°,c;pmax> (the situation B) , and up to the instant of réaghts maximum value

(the point A, instant t’) no noticeable drop of pawoccurs— the line N’(t), then only an
additional cost resulting from increased fuel @hsumption will be generated. Hence it
can be stated that if a transport task lasts shtbrvé® up to the instant t' any lengthening of
its realization time will not occur.

* begining from the instant t' ( corresponding wittetpoint A) a limitation of the possible
engine operation P[6, 7, 8] occurs , that is associated on one hattdthe lengthening of
realization period of transport task (or lack osgibility of its realization during a given
period) on the other hand — with increased cosengfne’s use.
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By using the relation (4) and (6) the number & évents F k’, corresponding with that of
N’ agp can be expressed as follows :

A%
o= Somx 0y ®)
Ag,
and its occurrence probability as :
()\ [ﬂ{c‘pmax_gip%]
A P
P(NAgp = k'): ! gi% exp(—)\ft) 9)
Gpmax - gp
Ag,

Practically possible deter mination of stochastic process parameters

From practical point of view the crucial problentasdeterminé\g, andAs values. This will be
possible if two complementary conditions are sittsf

* to have access to results of operational investigatcarried out with application of
standard control measuring instruments and a myd$te diagnosing the process in
guestion by recording and analyzing changes ineglof fuel flow rate within time
intervals when engine load is relatively constant;

* to analyze technical documentation of the engirecamry out simulation investigations in
order to elaborate a mathematical model of infb@ef the occurring events F on
operational fuel system parameters.

In the presented cadg), can be much easier determined , because of ith gahae, under the
assumption that :

gi% — Bh [T (10)
n
where:

B — unit fuel oil consumption of engine,

n — rotational speed of engine,

T - a coefficient which takes into account numbestobkes during one engine working
cycle.

The relation (10) at assumed class of accuraqy (85) of commonly applied flow meters
makes it possible to determing, value with an accuracy sufficient for practicarpases.

Much greater difficulties are associated with deteation ofA; value, which results first of all
from lack of empirical research in this area of iaegfunctioning. However such value can be
determined, in a way sufficiently accurate fromagpical point of view, by means of the following
procedure:

* on the assumption that a typical ( most frequentigurring ) load state of engine is x% [1],
the difference between its maximum load and thevabuentioned state determines the
changeability range of instantaneous fuel chégge,epmax>, hence on the basis of Egs.
(3) and (6) it yields :

AGpmax = Gpmax - g;;% (11)
* the period Repmax during whichAG,, . value is reached, should be assessed on the basis

of technical documentation of engine and its predscrecommendations for overhauls
and repairs, as results of relevant empirical reteare usually lacking;
» taking all the above into account one can staeuwlithin the considered period about
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X%

~9%

N’ :— 12
49, Agp ( )
number of the events F will occur, hence :
X%
pmax gp

N' A
)\f = Agp = gp (13)

TAG TAG

Pmax Pmax

Finally , making use of the above presented proeeduad basing on the relation (8) one can
determine at first the number of the events F, aid the probability of their occurrence:

Gp max_gip%
X% Ag o

pmax gp

A
T gp [ﬂ x%

AG, pmax gp

(N =)= =k (14)
P(N,,, =k)= — exp-——2—0|
pmax gp TAGpmax
Ag,

and, the application of the relation (14) is thisaim practical that in the case of lacking results
of empirical research one can approximately (buthwa sufficient accuracy) determine
P( agp = k)value basing solely on engine’s technical docuatem.

For example, for the above mentioned 9RT — flex60B engine (at the contractual output
power N, = 80% N1 = 17370 kW, the contractual engine sped=m0% mk; = 102,6 rpm

Gpmax= 42,3 9, hepmax= 8000 h,Ag, = 0,004 kg/s [13] ) the values calculated by meainghe
relations (10) and (14) are the following:

3 K
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N

100% 110%
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Fig. 3Values of the number k’ of the eventg, M function of considered engine load values
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Fig. 4Occurrence probability of the number k’ of themgaN,y, in function of considered engine load values
and engine use duration period

Summary

As already statedhe worsening of operational characteristicaméngine which operates
under partial load up to the instant t' (Fig. 2)ed not directly influence ship motion parameters.
However such situation generates additional cost by engine’s user , which finally lowers
his profit Z resulting from realization of the tasko determine potential losses due to increased

fuel oil consumption is possible by assuming tlattf= O the additional cost = 0 and the profit
Z takes its maximum valug&0)=Z_ .. By determining the expected value and standard

deviation of the random variable which describess [bwering of the profit Z (the increasing of
financial losses) as:

X%

Gpmax - gp

E[az(t)] = ¢ g, (E(N,,,) = ¢ (g BTA¢ 1

AGpmax
— (15)

Gpmax_gp
A
o8 :q)mq,/DziNAqi:q)mq %[ﬂ
AG

Pmax

the relation which describes the lowering of thefipiZ along with timet can be expressed as
follows:
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Z . dla t=0
Gpmax - g;% Gpmax - g;%
_ A A
0=z -¢mng, %[ﬂmmgp % @l dla t>0 (16)
AGPmax AGprnax

Making use of the relation (16) one can determifog a given instant t , costs generated as
a result of increased fuel oil consumption; and riation (14) makes it possible to determine
occurrence probability of such number of the evéntshich will generate additional limitations
during realization of the task (e.g. lack of pos#ibof arbitrary loading the engine within its
working area), or will make its realization impdssiat all.
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