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THE OPTIMAL COMMERCIAL SPEED OF A TRANSPORT VESSEL
WITH RESPECT TO OPERATORS’ SUBJECTIVE PREFERENCES

Goncharenko A.V.

By a ship’s and her engine technical data, it is considered economical modes of the
ship’s power plant equipped with the main engine of 6L42MC operation. A mathematical
modeling of the ship’s optimal commercial speed has been conducted. The minimum of
the operational costs and maximum of the profit for a voyage were chosen as the criteria
of the optimization. Allowance was made for specific brake fuel-oil consumption,
subjective preferences of operators. Analytical expressions of parameters used for the
optimization have been achieved. Dependences are illustrated by graphs.
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Introduction. At the ship propulsion and power plants department of
Kherson State Marine Academy there elaborated a methodic for determination of
the economical efficiency of a ship’s propulsion and her power plants (SPPP’s)
operation. Particularly, an approach to such a problem solution is based upon an
optimization problem setting which considers elements of profit maximization, and
operational costs minimization.

On the other hand there are always some factors of an uncertainty when
operating the SPPPs. Thus, this aspect is also influential.

Urgency of researches. The problem of monitoring and supporting the
proper technical state of marine ships’ propulsions and their power plants in multi-
alternative operational situations is a complex and actual one. It is always
important to keep the main engines (MEs) and SPPPs’ up states and operate them
economically (with the minimum costs) and effectively (with the maximum
profits).

The subjective preferences of responsible engineers have to be taken into
account as well, because their decisions reflect a measure of the uncertainty at the
actual choice of a certain operational mode.

The given problem setting in the general view has a connection with the
optimization of the technical-economical policy of a transportation company on the
conditions of the lack or limit of the resources when choosing an alternative
strategy in order to saving finances and at the keeping the proper technical state of
the SPPPs.

Analysis of the latest researches and publications. At the work [1, p. 114],
it is considered the optimization of the installed on board ship ME. Also there [1,
P. 152-156], it is considered the change of the thermal efficiency index — specific
brake fuel-oil consumption (SBFOC) for a slow speed engine (SSE) by the
nomogram by «MAN Diesel» concern. In the result of the SBFOC decrease
determination, for corresponding outputs of the optimized at certain points ME, the
graph shown in the figure [1, p. 156, fig. 51] is drawn, which demonstrates the
character of the dependence of the SBFOC upon the ME load. However, for
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operation process the optimum of this criterion is not sufficient, because it does not
take into consideration all other voyage expenditures. The attempt to an approach
to evaluation for such a kind of a problem has been taken in the works [2, 3,
P. 169-180]. Although, there were no income and profit aspects taking into
account, there. That concept has been illustrated in the work [4, p. 185]. However,
there were no mathematical ideas and scientific explanations or proofs for the
concept. Moreover, the income curve has a linear character which seems at least
rather doubtful.

Theoretical concepts for taking into account the subjective preferences have
been developed in the monographs dedicated to the theory of subjective
analysis [5, 6].

The task setting. Thus, the purpose of this paper is to find a principle for the
idea of a ship speed optimization and compile a mathematical model that takes into
account the main conceptual notions of reliability, costs, incomes, profits, and
subjective preferences.

The main content (material). After plotting the dependence of SBFOC
upon the load of the ME by the nomogram for a SSE, it is determined an hourly
fuel-oil consumption at a certain load and corresponding rotational speed of the
engine crankshaft. Then, it is accomplished the transition with the approximation
to the dependences between expenses and the ship’s speed. First, it is being
considered the two components of the expenses per an hour. Namely, they are such
expenses that depend upon the ship’s speed and the other ones that do not depend
on it. Knowing the distance of the voyage route we get the duration of the voyage.
In the simplest problem setting, at the constant ship’s speed and unchangeable in
time incomes, the minimum of the voyage expenditures will show the optimal
commercial speed of the goods transportation, which should be referred to as for
the opportunity to be acceptable in the given voyage on conditions of it
appropriateness subject to technical possibility and the actual state of the SPPPs.

In the given problem setting the attention is also paid to the consideration of
the influence upon the profitableness of the operation of both the income and cost
member components of the formula for the profitableness determination, since, the
operation of the SPPPs is directed upon accomplishing the transportation work,
and for that case the value of transported load and goods can change in the course
of time, by this, the amount of incomes obtained from the voyage is also changing.

Then, there is a problem of choice of the optimal commercial speed with
respect to the up state reliability measure of the SSE and subjective preferences of
1t.

The problem formulation. The sense of a transportation vessel operation is
to obtain profit. The profit is determined as the difference between income and
expenses:

P :]n_Co’ (1)

”

where P, — the profit; /, — the income; C, — the cost of, correspondingly finance
resources obtained from and spent upon a ship operation.
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Minimizing expenses for the operation at the given income from it, there can
be got the maximum profit:

Fm

P, =argmnC,. )

Analogous, at the given amount of expenditures, in order to obtain the
maximum profit, one has to increase the income from the operation:

Fm

P =argmpax1n. (3)

We will take into account the incomes for a voyage, with respect to the
natural loss of the goods value, by the well known exponential dependence of
decay and multiplication, as the solution of a corresponding differential equation.
The condition is the rate of the quality loss of the goods and loads, which is
directly proportional to the goods amount on board ship at the every certain
moment of time. The law of the change of the value of the loads and goods will be
determined dependently upon the time. If at the moment of time ¢ =0 the quality
mass of the goods is m,, and the price — c,, initial value of the income —
C,=myg,.

The rate of the value decrease will be determined in the next way. Let at the
moment ¢, the value was — § ,, at the moment ¢ + Az — the value — $§, + AS, . In the

t

time period of At the value decreased by the AS,. The ratio of 1s a mean rate

At
of the decrease of the value. The limit of the ratio at the At —> 0
A d
lim 5 = i 4)
At—0 Af df
is the rate of the value of the goods decrease at an instant ¢.
On conditions:
d$
t=-n-§,, 5
& , (5

where n — coefficient of proportionality (n > O). For the given case, the coefficient
of n determines the stableness or stability of the loads value. We use the negative

sign because at the increase of time the quality of the goods decreases, thus,
ds,

dt
The equation (5) of the rate of the value of the goods decrease at an instant ¢
is an equation with separable variables. The solution is well known:

d$

t

<0.

~=-n-dt,In$, =-n-t+InC, (6)

where C — the constant of integration, from where:
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1n£=—n-t,$—’=e'"",$ =C-e™. (7)
C C

t

Since at ¢ =0 the initial value of the income was C,, then C should satisfy
the interrelationship:

C,=C-e" =C. (8)

Substituting the value of C (8) into the equation of the loads value (7), we
will get the searched dependence of the voyage incomes:

[n :$o(t):$t:Co'e_M :mo'co'e_m' )
The coefficient of » is determined by the observations in the next way. Let it

be in the time interval ¢, the load and goods value decreases by o % from the
previous magnitude. Thus, the interrelationship is accomplished:

a a 1 a
1-—|-C=C,-e", —n-t,=In| 1 -——— |, n=——-In| 1 —— |. 1
( 100j ¢ ’ ( 100j t ( 100) (10)

0

For the cost part member of the profit formula (1), it is considered a
financial estimate of the hourly fuel-oil consumption:

8o =/(G). 8. =), G =/,(v). 8., = /(L0 =L00).

where G, — the hourly fuel-oil consumption; g, — the SBFOC; v, — the ship’s

speed.
Having determined the structure and amount of the ship general expenses,
and distinguished the component that does not depend upon the ship’s speed:

$,(v.)=$, =const, (12)
then, summarized it with the costs that depend upon the ship’s speed:
$,(v)=k-vr, (13)

where k — the coefficient of proportionality; m — power index; we get a formula
for a general dependence of the rate of the total operational expenses costs upon
the ship’s speed:

$(VS)=$]+$2(VS)=$]+]€-V;”. (14)

The problem solution. The total summarized expenditures for the voyage,
with respect to (11-14) as a function of the ship’s speed will constitute:

Co(vs):$(vs)'t:$1 -Z+$2(Vs)-l‘=$] 't+k'v;n L, (15)

is

v

N

where ¢ — the duration of the voyage, #(v )= —"; D,_ — the distance or length of

the voyage or a trip. Then:
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C(v)=S%, -&+k-v;” D $ -&+k-v;”" D, (16)
v, 12 v,
The voyage profit:
P(v)=1,00)-C,v,), (17)
_pDis D
R(vs)zmo-co-e . —($]- “’+k~v;”"]-Dl.Sj. (18)
vS

From where, obviously, the first component member will be having a
limiting value in the view of a horizontal asymptote, shown on the fig. 1; the
second component member is a hyperbolic one dependently upon the ship’s speed;
that is as the speed increases the first will grow up to the limiting value of the
initial cost of the goods and loads C,, and the second one will decrease down to

zero. The third component member, in its turn, will increase the summarized total
operational costs for the voyage, because of m = 3. Therefore, the summarized
total operational costs for the voyage will have the extremum by the ship’s speed
in the view of minimum. Corresponding speed will be the optimal commercial one,
if there are incomes constant in time; 1.e. such incomes that do not depend upon the
ship’s speed. That speed may be chosen for the given voyage accordingly to the
voyage task; although, it should be taken into consideration the restrictions for
acceptable diapasons of parameters at the SPPPs operation. Firstly, the working
point of the ME must lie in the boundaries of the field for the working parameters
choice in accordance with the load diagram, as it shown in the «MAN Diesel»
concern project guide for the ME.

In this problem setting, the optimal commercial speed will be the one that
satisfies the maximum of the profit since the incomes increase as the speed
increases but to a certain extent or limit. Of course, the restrictions to the working
point of the ME there should be the same as to the previous case, namely, the main
one of the requirements is that the working point of the ME has to be positioned in
the boundaries of the field for the working parameters choice in accordance with
the load diagram.

Such theoretical speculations are illustrated by the graphs shown on the
fig. 1.

The optimal commercial speed, when having financial-economical data for
the ship’s incomes and operational costs, may be found in a graphical, as it is
shown on the fig. 1, and analytical way.

When applying the analytical way of the optimal commercial speed finding,
there used the necessary condition of a function extremum existence. The first
derivative of the profit function with respect to the ship’s speed:

dP(v,) v D

v is Dis m-—
TZMO.CO.e s .n.v_+$].7_k-(m_l).vs Z.Dis' (19)

N N N
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From where it may be found the optimal commercial speed of v

s opt *

Co (vs )min | ]n (Vs )max
Co (vs )
Co (vs )min —
PO |
0 / .
Dis k ) Vsm_l ) Dis Vsmax
$,

Figure 1 — Dependences of profit, income, and total operational costs for a voyage
upon the ship’s speed and the optimal commercial speed

Practical application of the problem solution, and the researches results.
In order to calculate the voyage incomes (9) for determination the profit of (1-3,
17, 18), using the procedure of composing and solving the differential equation of
(4-10), let us use a given level of rent. At the given level of rent, having found the
value magnitude of the operational expenses for a voyage at the nominal ship’s
speed, we get the income.

Thus, for the beginning one has to find the total summarized operational
expenses. For that purpose, let us determine the minimum specific fuel-oil
consumption. In order to determine the part member (13) of the expressions of (14,
15) the SBFOC for the SSE has to be found. Applying the concepts of the «<MAN
Diesel» concern project guide for the SBFOC of the ME described in [1], we find
the dependence of the SBFOC upon the output for the ME optimised at a point of
0, lying upon a certain propeller curve, by the corresponding nomogram. Then, we
get the hourly fuel-oil consumption. Transforming it, using prices for the fuel-oils
and interrelationships between the ME outputs and the ship’s speeds, into the
dependences of the hourly fuel-oil consumptions upon the ship’s speeds, we get
that kind of the expenses as the function of the ship’s speeds. Moreover, through
the fuel-oil prices we may take into account all total summarized expenditures
related to the ship’s speed. Since the costs of fuel-oil are dominating in the
expenditures for the ship’s motion.
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For example, considering a transport refrigerator equipped with the ME of
6L.42MC, we have got for the voyage distance of up to 10,000 nautical miles
v =17.36 ... 17.37 knots, v _, w179 knots. Accordingly with the field for

sC, opt
the working parameters choice, the approximate diapason for the ME power
output, when working by the nominal propeller curve, constitute:

N, =3,000 ... 5,970 kW. At this the SSE output, the corresponding ship’s speed:
v.~ 14 ... 17.3 knots.

In addition, the influence of subjective preferences factors could be made
allowance for by the use of the formula of the complete probability where
hypotheses are considered preferences to accept the corresponding policy of the
operation.

The responsible manager has to have got reliable information about the
strategy situations in the corresponding operational conditions. If the set of
possible alternatives forms a complete group of non-conjunctive events, the
complete probability with respect to the subjective preferences:

P(4)=Y 7Pz, 20)

where 4 — the preferred alternative concerning the ship’s speed; 7, — the subjective
preferences of the possible alternatives; P(A‘?Z’l.) — the conditional probability of

the preferred alternative realization on the basis of that the corresponding
operational mode has been preferred.
Then the expectation of a voyage profit would be:

ExplP]=3"Pp,, (21)
i=1

where P, — the profit corresponding to the alternative; p, — the complete

probability of the corresponding alternative in accordance with the formula (20).

In the case of a discrete set of two possible variants we have the two
alternatives: 4 — to except or B — to reject the possible optimal speed. Let it means
the event of 4: v =17.9 knots or B: v, = 17.3 knots.

pt
Accordingly to the given data and the subjective preferences of: 7 ,=0.8;
n,= 0.2; and conditional probabilities of: P(A‘?Z’A) = 0.5; P(B‘?Z’A) = 0.5;

B

P(A‘ﬁ3)= 0.15; P(B‘ﬁ3)= 0.85; events: A4: the profit would constitute up to

432,024 § U.S.; B: 430,423 $ U.S. per a voyage of 10,000 nautical miles; the
expectation referred to the formula (21) yields the result of 431,111 $§ U.S. per the
voyage.

Conclusions and prospects of further researches. Accordingly to the
given simplified problem setting (1-19) and subjective preferences aspects
(20, 21), it is considered the economical modes of operation for the SPPPs
equipped with the ME of 6L.42MC with respect to the subjective preferences. The
optimal commercial speed, found on the condition of the minimum operational
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expenses at the constant incomes, lies practically on the boundary of the limited
diapason stipulated by the brake mean effective pressure for a stable and reliable
work of the ME of 6L42MC. The optimal commercial speed, found on the
condition of the maximum of the profit, exceeds the nominal one by 0.6 knots,
therefore the ME is technically and economically substantiated to be operated at
the maximum continuous rating of 5.970 kW for the ME output and the ship’s
speed of v, = 17.3 knots. The profit would constitute up to 430,423 § U.S. per a

voyage of 10,000 nautical miles.

The further researches allow getting valuable information needed for better
logistics. In the prospect they would lead to a proper choice of the operational
modes for ship propulsion accordingly to the type of the vessel’s power plant,
properties of the transported load, and financial operational factors.
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I'onuapenko A.B. OIITUMAJIBHA KOMEPLITHA BUAKICTb
TPAHCIIOPTHOI'O CYJIHA 3 YPAXYBAHHAM CYB’€EKTHBHUX IIEPEBAT
EKCIUTY ATALIIMHUKIB

Bionogiono 0o mexuiynux O0aumux Ha CyOHO ma 1020 OBUSYH PO32NAHYMO eKOHOMIUHI
pexcumu  eKcnuyamayii CyOHO0B80I eHepeemuuHoi YCMAHOBKU O0ONAOHAHOI 20108HUM
osucynom  6L42MC.  Ilpogedeno  mamemamuune  MOOENOBAHHA  ONMUMANLHOL
KoMepyiuHoi weuoxocmi cyoua. B axocmi kpumepiie onmumizayii oOpano MiHiMAIbHI
eKCnayamayivuni eumpamu ma MAaKcuManbHuil npubymox 3a peic. [o ypaxysammus
npuUManucs —numoma — egekmueHa eumpama — naiuea, cyd '€KmugHi  nepesazu
eKCNAyamayitiHuKIe. Ompumano AHAIMUYHI supasu napamvempis, wo
BUKOPUCMOBYIOMbCSA NPU ONMUMI3AYii. 3anexircHocmi npoinlocmposani epagikamu.
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Knouoei cnosa: cyonosa nponynvcusHa ycmamo6ka, 20J06HUL  OBUSYH, PEHCUM
ekcniyamayii, OnMuUMAaIbHA — KOMepyiuHa  weuoKicmov, CcyO’€kmueHi  nepesacu,
bazamoanemepHamueti cumyayii, Mamemamuyre OYiKy8aHHs.

I'oHuapeHnko A.B. OIITUMAJIbBHAA KOMMEPUYECKAS CKOPOCTb
TPAHCIIOPTHOI'O CYJIHA C YYETOM CYBBEKTHMBHbBIX IPEAIIOYTEHUIA
SKCIUTY ATALITMOHHUKOB

Coenacno  mexHuueckumM OAHHbIM HA CYOHO U €20 O08ucameinb pPaccMoOmpenbvl
IKOHOMUYHbBLE — PEeHCUMbl  IKCNyamayuu  cy0o80U  IHEPeemuieckou  YCMAaHOBKU
obopyoosannou enasuvim  osueamenem O6L42MC. Ilposedeno mamemamuueckoe
MOOenUpo8aHue ONMUMAIbHOU KOMMePUEeCKOU CKOpocmu cyona. B kauecmee kpumepues
ONMUMU3AYUU BbIOPAHBL MUHUMATIbHBLIE IKCHILYAMAYUOHHBLE PACXO0bl U MAKCUMALbHAL
npubvlib 3a petic. B yuem npunumanucey yoenvHwvlil 3@@heKkmusHsili pacxo0 moniuéd,
CYOvbeKmusHble NpeOnoYmeHusi IKCHLyamayuoHnuxos. Ilonyuensvl ananumudeckue
BbIPAICEHUSL  NAPAMEmpPO8,  UCNONb3YeMbIX — Npu  ONmMuMusayuu.  3asucumocmu
NPOULTIOCMPUPOBAHDL 2PAPUKAMU.

Kniouesvie cnosa: cyooeas nponyibCueHasi YCMAaHOBKA, 2NABHbIU O8USAMENb, PEeHCUM
IKCNIYAmayuy, ONMUMAaIbHas KOMMEPUecKas CKOPOCmb, CYObeKmMueHvle NPeonoumeHus,
MHO20AIbMEPHAMUBHBLE CUMYAYUU, MAMEMAMUYLECKOe 0AHCUOAHUE.
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