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Abstract: The numerical algorithm used for the original multi-dimensional non-linear optimization analysis of
the marine fixed pitch (screw) propulsion presented herewith, after its invention and publication has been
widely used for the analysis and best fit (most probable / less uncertain) solution of over-determined non-linear
mathematical problems, where the points of observations (measured data) are more than the unknown
parameters in the mathematical formulation expressing the significant aspects of the observed phenomena.
Any “local” attainable solution of this formidable and ingenious algorithm, may rely to the set of initial values
of the unknown parameters, while not all possible solutions are expected to be physically significant for a
specific problem, whereas judgment, bounds and testing are to be practiced for making sure that the attained
solution is the best fit (most probable / less uncertain) one, and not necessarily the “global minimum” one. In
the present paper the above algorithm is applied for the original analysis of standard ships propulsion, and
particularly for the original combined application of thermo-fluid and frictional models of main engines, as
well as of fixed pitch propulsion hydrodynamic models, necessary for resolving in an integrated manner the
combined marine propulsion problem for standard ships under seagoing conditions.

Keywords: seagoing; main engines performance; fixed pitch propeller hydrodynamics; combined
solution

1. Introduction

The numerical algorithm incorporated in the multi-dimensional non-linear optimization
analysis of the marine main diesel engines performance and of the marine fixed pitch (screw)
propulsion presented in this paper, has been invented during WWII, understandably earlier than its
original publication on 1944 [1,2], and republication / improvement of it on 1963 [3] and 1971 [4], for
resolving over-determined non-linear mathematical problems, where the number of instances of the
equations (conditions) to be met are more than the number of those parameters of the mathematical
formulations of the above conditions which before the application of the algorithm remain unknown.
The solution attained is not an exact one as such would not be possible under the above
circumstances, but instead, represents a point in the multi-dimensional domain of all unknown
parameters where, all the partial derivatives of the sum of squares of the residual values of the above
equations (for an exact solution, each such residual value would equal zero), summed for all above
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instances of the above equations (conditions), against all above unknown parameters, equal zero,
meaning that any incremental change of the value of any one of the unknown parameters from the
attained solution (set of values) would result to increased RMS error / uncertainty / standard
deviation applicable to the attained solution, which in this regard is considered to be a, “local
minimum”, best fit (most probable / less uncertain) one. Depending on how well the physical,
technical or other problem is defined in the first place, and on how solid the transformation of the
above definition in mathematical formulations is, the “local” attainable solution of the above
algorithm, may prove to rely, or not, to the set of initial values of the unknown parameters, while not
all possible solutions are expected to be physically significant for a specific problem and
circumstances thereof, whereas judgment (based mainly on knowledge and experience on solving
the specific problem in other ways), bounds (threshold values) on the unknown parameters fencing
physical significance areas, and testing as well (restarting the above algorithm from another set of
initial values for sensitivity analysis / control of the attained solution), are required for making sure
that the attained solution is the most probable and less uncertain one, and not necessarily the “global
minimum” one which in any case may not be the best fit solution for a particular problem and
circumstances thereof [4-8].

The direct use to date of the above algorithm in marine applications [7,9-13] is mainly focused
on maneuverability and neural networks for vessels steering and control, and on the respective
predictions of vessels response as well, however the above algorithm and optimization analysis have
been very effectively, applied for at least 40 years or more, on marine diesel engines.

In the present paper the above algorithm is applied mainly on the fixed pitch (screw) marine
propulsion problem [43-53] and particularly for the optimization analysis of the fixed pitch (screw)
ship propulsion, as well as, for the dynamic recalibration of existing and new thermo-fluid and
frictional models of diesel engines [7,14,15,18,20-36,53], which is crucial, absolutely necessary and
critical for the integrated, combined thermo-fluid / gas / hydro — dynamics (and mechanical efficiency
/ frictional as well) definition of the fixed pitch marine propulsion problem.

The analytical work presented below has initiated and progressed between 1986 and 2013,
independently to, in parallel, between, and after as well, other research work conducted at the time
(1986 — 1995, 2005 — 2008) by the author in the NTUA Internal Combustion Engines Laboratory
[7,14,15,18,20-23,28-30], however the work completed on the subject of the present paper during the
above periods could never be concluded (or even justified) without the availability and analysis of a
“big data” set which could only be obtained directly from the marine environment (“at sea”). In this
regard, the work presented herewith included a ~ 7 months window between August 2013 and
February 2014, continued also between February and March 2015, during which detailed
measurements of the above necessary “big data” set were directly obtained and analyzed over two,
more than six months long in the total, voyages of the author on board ocean going vessels (oil and
container carriers) actually navigating in real seagoing conditions at the South America Coastal Zone
(Pacific, Atlantic, Magellan Straits), and at the Mediterranean Sea as well. Between 2020 and 2024, the
above “big data” set gathered by 2015 was processed and controlled for the purposes of removing
and amending any erroneous data after comparing these data against other independent data
sources, as well as for validating the analytical work conducted independently by the author between
1986 and 2013 as discussed above. Furthermore during the same period (between 2020 and 2024), the
above work and methodology were also reconnected, reprocessed and updated, to relevant and
essential available literature [51-53,70-107], to international applicable standards [37-50], to relevant
Regulatory / Statutory documentation [54-69], and also applied for processing other, independently
acquired, data.

As discussed above, the numerical algorithm incorporated in the present multi-dimensional
non-linear optimization analysis has been first published 80 years ago (1944) [1,2] and most probably
invented and first applied in military (WWII) applications [1,2] even earlier than 1944. Between 1992
(32 years ago) and 1995 (29 years ago), the author of the present paper, as a member of different
research teams, has first published results attained by applying the above numerical algorithm and
optimization analysis on marine and other diesel engines, particularly referring to resolving in-
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cylinder heat transfer problems on the basis of the availability of indicated pressure diagrams
[7,14,21-23], which is paramount for quantifying (after the end of the compression phase of the
indicator diagram) the fuel injection and combustion characteristics and scale [7,14,21-23], for
implementing First and Second Law analyses [7,14,15,21-23], as well as CFD models for the analysis
of the gas dynamics of marine diesel engines [18,20-23], and also to determining the optimum design
and feasibility of energy / oil / gas / mining wells by considering the trade-off between the cost of
drilling wells as a function of the drilled depth on one hand, and the possibility of locating and
exploiting energy / oil / gas / minerals in a feasible manner, as such a possibility increases with
increased depth of drilling, on the other [8].

In the above instances / publications [7,14,21-23], explicit reference to the above numerical
algorithm and optimization analysis has been made, accompanied by related references on the
particular mode of numerical algorithm applied at the time, whereas the above numerical algorithm
and optimization analysis work, use and application by the author, before the first attained results
were reported on 1992, were already in progress since 1989. On top of this very significant, “hands —
on”, direct experience gained over the last 35 years on the effective and safe application of the above
numerical algorithm and optimization analysis, the current application of it comprises also the
benefits of experience of others and their results reported in the meantime [9-13].

What makes the present approach even more interesting, and current as well, is the fact that the
certain conditions mandated by some of the aforementioned applicable Regulatory / Statutory
relevant frameworks [61,63] impose applicable uncertainty and materiality threshold values on
measured and reported data, effectively same or equivalent to some of the ones presented and
discussed in the present paper, particularly referring to the fact that the above imposed threshold
values are representative of laboratory environment data flow, and as matter of fact the above
measured and reported data are to be confirmed by privately legal entities (Conformity Assessment
/ Notified / Verification Bodies), accredited (authorized) in this regard by other, public, legal entities
(National Accreditation Bodies), in the exact manner that an accredited laboratory for the analysis of
physical properties, and/or the non-destructive examinations and testing of materials, or
manufactured parts, or welding, should be.

2. Materials and Methods
2.0. Nomenclature

2.0.1. Latin Symbols

Cj stochastic model’s calibration constant of order j, =1,K (dimensionless)

cor set of parameters utilized for the correction, alignment and benchmarking of main engines SFOC
values with regard to fuel type, fuel lower calorific value and other fuel quality indexes, as well
as to SFOC related environmental and other conditions in accordance with relevant industry
standards and experience

fli expression of sea margin in position / timestamp pair i as function of Gj, j=1, K

f2i expression of sea running margin in position / timestamp pair i, as function of j, j=1, K

f3i expression of light running margin in position / timestamp pair i, as function of Gj,j=1, K

f4i expression of speed loss in position / timestamp pair i, as function of Cj, j=1, K

f51 expression of apparent TTW slip in position / timestamp pair i, as function of Gj,j=1, K

FOC fuel oil consumption, mass (kg)

g  acceleration of gravity (m/s2)

I-intervals number of reporting intervals between daily, or other, reports

Iobs number of pairs of ship’s position and timestamp of steady rotational speed

Isfoc-obs number of SFOC and/or FOC to W ratio observations

K number of stochastic model’s calibration constants, j=1,K

Lobs number of pairs of ship’s position and timestamp of not steady rotational speed

M  number of thermo-fluid / frictional SFOC model’s calibration constants

n shaft’s / main engine’s rotational speed (revolutions per second, RPM)
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Nrev number of shaft’s / engine’s revolutions

P  shaft’s / engine’s output power (KW)

SFOC specific fuel oil consumption (kg/K])

t  time(s)

W shaft’s / engine’s output mechanical work (KJ)

Xj thermo-fluid / frictional SFOC model’s calibration constant of order j, j=1,M (dimensionless)

2.0.2. Greek Letters

pn  dynamic viscosity (kg/m sec)
v kinematic viscosity (m2/sec)
o density (kg/m3)

2.0.3. Subscripts

i number of observations

intervals reporting intervals between daily, or other, reports
j identification number of model’s calibration constant

obs observations

rev shaft’s / engine’s revolutions

sfoc-obs  SFOC, and/or FOC to W ratio, observations

2.0.4. Abbreviations

BDN Bunker Delivery Note

COG Course Over Ground

DGPS Differential Global Positioning System

ECDIS Electronic Chart Display and Information Systems,
EEDI Energy Efficiency Design Index

EIV Estimated Index Value

FPP Fixed Pitch (Screw) Propeller

FOC Fuel Oil Consumption

MRV Monitoring, Reporting and Verifying

NTUA National Technical University of Athens, Hellas (Greece)
OTG Over The Ground

RMS Root Mean Square

ROT Rate Of Turn

RPM Revolutions Per Minute

SFOC Specific Fuel Oil Consumption

SM  Subject Matter

SME Subject Matter Expert (SM Expert)

SOG Speed Over Ground

TTW Through The Water

WWII World War I

2.0.5. Dimensionless Groups

Re-h Reynolds number — hull (waterline)

Re-p Reynolds number — propeller (diameter)
Fr-h Froude number — hull (waterline)

Fr-p Froude number — propeller (diameter)

o Propeller cavitation dimensionless number

2.1. The Fixed Pitch (Screw) Marine Propulsion Model

The fixed pitch (screw) marine propulsion model used in this study is based on the fundamental
principle of the Law of Similarity and Dimensional Analysis, as applied in ship propulsion and in the
form of it “applied by ships in practice” [61,63] in particular [43,51-53]:
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“For fixed hydrostatic conditions (displacement, draft / trim), fixed water temperature and
salinity, fixed air barometric pressure and any given (“quasi”-)steady vessel, water and air state and
conditions, the (“quasi”-)steady state power delivered by the propeller shaft to the fixed pitch screw
propeller (FPP), when such a ship is making (“quasi”-)steady course way along a fixed latitude circle,
at (“quasi”-)fixed rudder angle and through sufficiently deep and otherwise unconstrained waters,
depends only on the (“quasi”-)steady through the water (TTW) speed of it and the (“quasi”-)steady
rotational speed of the FPP propeller” (see also Figure 1 below).
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Figure 1. (“quasi”’-) steady state power delivered by the propeller shaft to the fixed pitch screw
propeller (FPP), as a function of the (“quasi”-) steady TTW speed and the (“quasi”-) steady rotational
speed of the FPP propeller [fixed hydrostatic conditions (displacement, draft / trim), fixed water
temperature and salinity, fixed air barometric pressure, any given (“quasi”-) steady vessel, water and
air state and conditions, (“quasi”-) steady course way along a fixed latitude circle, (“quasi”-) fixed
rudder angle, sufficiently deep and otherwise unconstrained waters].

The above fixed pitch (screw) marine propulsion model is applied by means of the following
multi (4) — step(s) correlation scheme, between:

1. Actual seagoing, mean effective over time or instantaneous, conditions and perfectly still (calm)
water and air conditions, otherwise same to the actual, mean effective or instantaneous, seagoing
air and water conditions, and for the same (actual) draft and trim as well.

2. Above perfectly still (calm) water and air conditions, otherwise same to the actual, mean
effective or instantaneous, seagoing air and water conditions, and, ship / voyage specific
“virtual” sea (power and speed) trials “ideal” conditions (perfectly calm sea, no wind, rain, snow
or hail, sufficiently deep, unconstrained waters, without ice, not affecting propulsion, steady
speed along the same nominal latitude circle, nominal water density, kinematic viscosity and
vapour pressure values, nominal ambient air barometric pressure, temperature, humidity and
density values, minimum rudder motion within a very narrow angular range around zero
degrees), and for the same as above (actual) draft and trim as well.

3. Above ship / voyage specific “virtual” sea (power and speed) trials at “ideal” conditions, and,
the same ship’s “virtual” sea (power and speed) trials at “ideal / new vessel” conditions upon
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the latest delivery of the vessel by a shipyard after a new building or major modification, and
for the same as above (actual) draft and trim.

Above same ship’s “virtual” sea (power and speed) trials at “ideal / new vessel” conditions upon
the latest delivery of the vessel by a shipyard after a new building or major modification, for the
same as above (actual) draft and trim, and, same ship’s official sea trials corrected results, in
either laden or ballast conditions (as well as, the calculated official results for the remaining, not

tried, one of the two, laden or ballast, loading conditions, as / if available).

2.1.1. Correlation Scheme # 1

The above correlation is based on the following considerations:

For ships propelled by a single FPP propeller driven by one directly coupled low speed two-
stroke main diesel engine (accounting for ~ +90% of ships in service, to which the present analysis
is applicable), the FPP propeller shaft revolutions divided by the respective time spent at sea
when the ship is making way by its own propulsion (main engine running hours) would be
equivalent to an average steady rotational speed of the FPP propeller, particularly considering
the fact that such as above standard vessels are making way by keeping a steady shaft rotational
speed, which is increased or decreased by as smooth as necessary ramp up and down, as near
as possible linear over time, commands.

Distance made good through the water (TTW), when the ship is making way by its own
propulsion, calculated on the basis of the respective distance made over the ground (OTG)
measured by (D)GPS and/or ECDIS systems, and monitored and/or confirmed on the basis of
available independent distance OTG data, corrected on the basis of available speed log TTW
measurements, and/or available independent data on speed and direction of water current, as
well as, of heading and actual course / tracking data, divided by the respective time spent at sea
during which the ship is making way by its own propulsion (main engine running hours), would
be equivalent to an average TTW speed, calculated both in the forward and in the athwart ship
direction.

The fuel consumption of the main diesel engine per fuel type and BDN, divided by the respective
diesel engine running hours and by the appropriate respectively applicable value of specific fuel
consumption (SFOC) as well, is equivalent to the average steady engine power output, while the
main engine / shaft / propeller rotational acceleration and deceleration may also be considered,
or neglected, as applicable.

Measured hydrostatic conditions (draft / trim, displacement, water density) at the start, and if
possible at the end, of the voyage or leg.

Any given sea and wind state conditions on terms of waves and wind speed and direction, air
humidity, density and temperature, rain, snow or hail, resulting to the composite environmental
effect on the power delivered by the shaft to the propeller.

The aforementioned fundamental principle of the Law of Similarity and Dimensional Analysis
is to be always satisfied.

2.1.2. Correlation Scheme # 2

The above correlation referring to “ideal” conditions (perfectly calm sea, no wind, rain, snow or

hail, sufficiently deep, unconstrained waters, without ice, not affecting propulsion, steady speed
along the same nominal latitude circle, nominal water density, viscosity and vapour pressure values,
nominal ambient air barometric pressure, temperature, humidity and density values, minimum
rudder motion within a very narrow angular range around zero degrees) is based on the following

considerations:

a.

Water density changes, which for voyages in sea waters with salinity ranging from ~ 33 to 37
gr/kgr (~ 0.3% of density change) and temperature ranging from ~ 5 to 35 deg. C (~ 0.7% of
density change), and/or entering / leaving inland fresh or low salinity waters from/to sea water
and/or combinations thereof (within a maximum range of ~ 2.8% of density change for same
temperature), may be considered for representing the actual density, salinity and temperature
values.
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b.  Water density change has also a secondary effect as, for the same voyage, or leg of it, and/or for
effectively the same deadweight, water density changes will consequently cause draft changes,
and draft is also a factor related to the power delivered by the propeller shaft to the propeller.

c. Water kinematic viscosity also varies with salinity and temperature and relates to the
dimensionless hull (waterline) and propeller Reynolds numbers which in turn have an effect on
the power delivered by the propeller shaft to the screw propeller when the ship is making way,
and on the frictional contributor to the shaft power in particular.

d. In a similar manner, acceleration of gravity as such varies with latitude, relates to the
dimensionless hull (waterline) and propeller Froude numbers which in turn have an effect on
the power delivered by the propeller shaft to the screw propeller when the ship is making way,
and on the dynamic contributor to the shaft power in particular, as such is discussed above.

e. The distribution of the shaft power to a frictional and dynamic contributor is ship and voyage
specific and mainly depends on the ship category, design and speed.

f.  Air barometric pressure, as well as water density and water saturated vapour pressure, as the
last two vary with water temperature and salinity, acceleration of gravity as such varies with
latitude, and draft as well, relate to the propeller cavitation dimensionless number o which also
has an effect to the steady state power delivered by the propeller shaft to the propeller, and on
the propeller performance in particular, as such is related to the power delivered by the propeller
shaft to the propeller.

g. Sufficiently deep, also otherwise unconstrained, non - icy, waters will not effect to the
propulsion power calculation, however shallow, or otherwise constrained, or icy waters, will
result to affecting the vessel’s attainable speed.

h. The ratio of the TTW speed in the athwart ship direction, to the TTW speed in the forward
direction, is a direct indication of the rudder angle as such may be statically controlled for
keeping a steady course against current, wind and waves of steady lateral direction and scale,
and as such may have a significant speed loss effect on the vessel’s attainable TTW speed in the
forward direction.

i.  The Rate of Turn (ROT) is also a direct indication of the rudder angle as such may be dynamically
controlled for turning the vessel, or for keeping a steady course against dynamically fluctuating
current’s, wind’s and waves’ direction and scale, and as such may have a significant speed loss
effect on the vessel’s attainable TTW speed in the forward direction.

j- The effect of the TTW acceleration / deceleration, including TTW acceleration / deceleration in
the forward and in the athwart ship direction, calculated on the basis of data availability, and
analysis thereof, with regard to the TTW speed in the forward and in the athwart-ship direction,
Rate of Turn (ROT) and Ship's position, on the power delivered by the shaft to the propeller,
may also be considered, or neglected, as applicable.

k.  The aforementioned fundamental principle of the Law of Similarity and Dimensional Analysis
is to be always satisfied.

2.1.3. Correlation Step # 3

The above correlation is based on the consideration that the ship / voyage specific “virtual” sea
trials “ideal” condition is effectively equivalent to a certain “service” condition (“service margin”) of
the same ship when in “new vessel” condition upon the latest delivery of the vessel by a shipyard
after a new building or a major modification, and for the same draft and trim. To this end, all the in-
between the two above conditions, alternative power ratio forms / expressions (sea margin, speed
loss, light running margin, sea running margin, apparent TTW slip) discussed below, shall be
properly balanced to each other, on the basis of properly balanced mean effective values of particular
characteristics of them (see also Figures 2 and 3 below).
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Figure 2. (“quasi”-) steady state power delivered by the propeller shaft to the fixed pitch screw
propeller (FPP), as a function of the (“quasi”-) steady rotational speed of the FPP propeller, or of the
(“quasi”-) steady TTW speed, a) at sea trials “ideal” condition upon the latest delivery of a vessel by
a shipyard after a new building or a major modification, and b) at the same vessel’s “virtual sea trials”
(“ideal”), voyage specific, 80% (percentage value to be inversed against unity for sustaining the same,
“new building or major modification”, ideal conditions shaft rotational speed) “service” condition
(“service margin”), and at the same hydrostatic conditions.

2.1.4. Correlation Step # 4

The above correlation is based on the consideration that the ship specific “virtual” sea trials
“ideal / new vessel” condition upon the latest delivery of the vessel by a shipyard after a new building
or a major modification, and for the same as above (actual) draft and trim, and the respective
displacement as well, may be compiled on the basis of the same ship’s official sea trials corrected
results, in either laden or ballast conditions (as well as, of the calculated official results for the
remaining, not tried, one of the two, laden or ballast, loading conditions, as / if available). To this end,
all the in-between the above conditions, alternative power ratio forms / expressions (sea margin,
speed loss, light running margin, sea running margin, apparent TTW slip) discussed below, shall be
as per the above, properly balanced to each other, on the basis of properly balanced mean effective
values of particular characteristics of the above conditions, particularly referring to draft, trim and
displacement, as applicable (see also Figure 3 below).
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Figure 3. “Ps”: (“quasi”-) steady state power delivered by the propeller shaft to the fixed pitch screw
propeller (FPP), as a function of the (“quasi”-) steady TTW speed, a) at sea trials “ideal” condition
upon the latest delivery of a vessel by a shipyard after a new building or a major modification and at
fully laden conditions, b) same as a) above, however at ballast conditions, c) at the same vessel’s
“virtual sea trials” (“ideal”), voyage specific “service” condition (“service margin”) of +20% (power
for sustaining the same, “new building or major modification”, ideal conditions TTW speed), and d)
at the same vessel’s “virtual sea trials” (“ideal”), voyage specific, “service” condition (“service
margin”) of +80% (power for sustaining the same, “new building or major modification”, ideal
conditions TTW speed), as well as, “n”: (“quasi”’-) steady rotational speed of the FPP propeller, as a
function of the (“quasi”-) steady TTW speed at the same conditions a), b), c) and d) above.

2.1.5. Service Conditions Alternative Ratios / Indexes (Sea Margin, Speed Loss, Light Running
Margin, Sea Running Margin, Apparent TTW slip)

On the basis of the combined correlation steps #1 and #2 above, the effect of any given steady
sea and wind state conditions (wave and/or ice, water density, water saturated vapour pressure and
kinematic viscosity, wind speed / direction, rain, snow or hail, ambient air barometric pressure,
humidity, density and temperature), rudder angle and motion and latitude change, shallow, and/or
otherwise constrained, and/or icy waters, vessel’s and/or main engine / shaft / propeller accelerating
/ decelerating conditions, is defined as the ratio between the shaft power delivered to the FPP
propeller under the above conditions, to the shaft power delivered to the FPP propeller in “ideal”
conditions (perfectly calm sea, no wind, rain, snow or hail, unconstrained, sufficiently deep, waters,
without ice, not affecting propulsion, steady speed along same nominal latitude circle, nominal water
density, kinematic viscosity and vapour pressure values, air nominal barometric pressure,
temperature, density and humidity values, minimum rudder motion within a very narrow angular
range around zero degrees), and for the same draft and trim as well, while the above ratio may be
comprehensively defined on the basis of all the above actual, other than ideal, conditions available
data, and is representative / indicative of the composite effective result of all the above actual, other
than ideal, conditions, for any given value of the shaft power delivered to the FPP propeller.

The above ratio, in any one of its following alternative forms / expressions (sea margin, speed
loss, light running margin, sea running margin), effectively compares and quantifies any given actual,
mean effective or instantaneous, seagoing conditions against the ship / voyage specific “virtual” sea
(power and speed) trials at “ideal” conditions:


https://doi.org/10.20944/preprints202409.1982.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 25 September 2024

10

a. The above shaft power ratio, when considered for sustaining the same “ideal” conditions TTW
speed, decreased by one (or by 100% in case it is calculated as a percentage), is defined as the sea
margin.

b.  The above shaft power ratio, when considered for sustaining the same “ideal” conditions shaft
rotational speed, decreased by one (or by 100% in case it is calculated as a percentage), is defined
as the sea running margin.

c.  The light running margin is defined as the reduction percentage (%) of the “ideal” conditions
shaft rotational speed necessary for delivering the same “ideal” shaft power to the FPP propeller,
which is common for, and representative of, steady (fixed) sea margin and/or sea running
margin values, for any given value of the shaft power delivered to the FPP propeller.

d. The speed loss is defined as the reduction (%) of the “ideal” conditions TTW speed necessary for
delivering the same “ideal” shaft power to the FPP propeller under the above actual conditions,
and is common for, and representative of, steady (fixed) sea margin and/or sea running margin
values, for any given value of the shaft power delivered to the FPP propeller.

e. The above dimensionless indexes (sea margin, sea running margin, light running margin and
speed loss) are all interrelated to each other, meaning that when one of them is determined, then
the other three are determined as well, while each one and all of them may be comprehensively
defined on the basis of all the above actual, other than ideal, conditions available data.

f.  One minus the dimensionless apparent TTW slip, stands as a ship specific dimensionless ratio
of the TTW speed in the forward direction to the FPP rotational speed, and as such, depends
mainly to any and all of the above dimensionless indexes (sea margin, sea running margin, light
running margin and speed loss), and slightly only, to a proper dimensionless form of the FPP
rotational speed.

The specific voyage’s / ship’s “ideal” conditions are generally expected to be different to the
official “ideal / new vessel” conditions as such may be compiled for the specific voyage’s hydrostatic
conditions on the basis of the corrected results of the official sea (speed and power) trials conducted
upon the delivery of the vessel by the shipyard after a new building or a major modification, the
reason being the change of the geometry, wetted surface and roughness condition of the hull, the
rudder, the propeller and the appendages thereof, due to sea-keeping, as well as the permanent, or
not, effect of loading distribution, all the above accounting for the so called “service margin” in
contrast to the sea margin as defined under point a above. Same or similar are applicable for the main
engine and the shaft line and stern tube as well.

With regard to the above, reference is also made to Figure 1 above, indicating in the system of
axes of the propeller rotational speed .vs. the shaft power delivered to the FPP propeller, 3 sets of
curves:

g. the steady (fixed) through the water (TTW) speed in the forward direction set of curves as such
can be visualized in Figure 1 above (e.g., 13, 16, 19 and 22 knots),

h. the steady (fixed) apparent TTW slip set of curves as such can be visualized in Figure 1 above
(e.g., 2%, 2%, 6% and 10%), and,

i.  the steady (fixed) light running margin (also steady / fixed sea margin, sea running margin and
speed loss) set of curves as such can be visualized in Figure 1 above (e.g., light running margin
of A: 0%, B: 3% and C: 6%, in green, blue and red colours).

Each one of, and all, service conditions dimensionless indexes (sea margin, sea running margin,
light running margin, speed loss and apparent TTW slip) discussed above, are interrelated to each
other, meaning that when one of them is determined, then the other four are determined as well),
and may be comprehensively defined on the basis of the continuous availability of all the above
actual, other than ideal, conditions as such can be derived from an available “big data” set. The above
comprehensive definition comprises two components / sub-models, as per the four correlation steps
above:

j- A deterministic one.
k. A hybrid, stochastic / deterministic, optimization one.

The optimization procedure applicable for the hybrid stochastic / deterministic model applied
as per the correlation steps above is based on:
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1. The fact that the rotational acceleration of the main engine / shaft / propeller of a standard vessel,
during the greatest part of all voyages, is zero (steady rotational speed), while for the remaining,
significantly shorter, time intervals of all voyages, is instead, steady or as smooth and as near to
steady as well, as possible.

m. The fundamental principle of the Law of Similarity and Dimensional Analysis as applied in Ship
Propulsion in particular.

On the basis of the above optimization procedure the above service conditions dimensionless
indexes may be defined throughout all voyages of each vessel, and in conjunction with the
deterministic component / model as per the correlation steps above, the instantaneous (and average)
FPP propeller’s and engine’s rotational speed n (RPM) and power P (KW) may be predicted on the
basis of the following two considerations:

n. The “big data” set is used for calculating average and instantaneous values of the vessel’'s TTW
speed in the forward direction.

0. Considering that the “correct” values of all the aforementioned stochastic model’s calibration
constants are not known before the start of the optimization process, independent ship tracking,
and environmental (meteorological / oceanographic, actual or “hind-cast”) as well, data may be
used, in conjunction with the above, far more quantitatively significant, deterministic model for
defining average and instantaneous values of any, and all, of the service conditions
dimensionless indexes (sea margin, sea running margin, light running margin, speed loss and
apparent TTW slip) over time and position discussed above, as functions of the aforementioned
unknown stochastic model’s calibration constants only:

(sea margin)i = f1i(Cj, j = 1, K) , i =1, lobs + Lobs D
(sea running margin)i = f2i(Cj, j = 1,K), i=1, lobs + Lobs 2)
(light running margin)i = f3i(Cj, j = 1,K), i=1, lobs + Lobs 3)
(speed loss)i = f4i(Cj, j=1, K), i = 1, lobs + Lobs (4)
(apparent TTW slip)i = 5i(Cj, j=1, K), i=1, lobs + Lobs (5)

By combining the above two considerations, the instantaneous (and average) FPP propeller’s
and engine’s rotational speed n (RPM) and power P (KW) may be defined on the sole basis of the
unknown aforementioned stochastic model’s, K, calibration constants, Cj, j=1, K, all along the vessel’s
course as such is precisely defined on the basis of all of the observed pairs of positions and UTC
timestamps Iobs + Lobs, i =1, Iobs + Lobs:

Pi=Pi(Cj,j=1,K),i=1, lobs + Lobs (6)

ni =ni(Cj,j=1,K),i=1, lobs + Lobs ©)

Considering furthermore that the FPP propeller’s and engine’s rotational speed (RPM) is
actually regulated by the main engine’s “governor” (control and safety system) by controlling
through the main engine’s fuel system the engine’s fuel consumption for keeping the rotational
acceleration of the main engine and FPP propeller of a standard vessel, during the greatest part of all
voyages, equal to zero (steady rotational speed set-point values), while for the remaining,
significantly shorter, time intervals of all voyages, keeping the rotational acceleration steady, or as
smooth, and as near to steady as well, as possible, the following conditions should be always met at
the following 2 different sets of AIS observed, and/or calculated, pairs of positions and UTC
timestamps:

p- lobs, where the rotational acceleration of the main engine and FPP propeller is zero (steady
rotational speed, ni =ni(Cj, j = 1, K), i =1, Iobs, or, dni(Cj, j =1, K)/dt =0):

Iobs 2
dni(Cj,j=1,K)
2 E (=)
=1

acj

=0 ®)

q- Lobs, where the rotational acceleration of the main engine and FPP propeller (rotational
acceleration, dni/dt=dni(Cj, j=1, K)/dt, i=1, Lobs) is steady, or as smooth, and as near to steady,
as possible (di(Cj, j =1, K)/dt> =~ 0, i =1, Lobs):
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Lobs 2
a (dzni(cj.j=1.1<) )
dt?
=1

T =0 ©

each one of the above equations applied for each one of all, K, model calibration constants Cj, j =1, K,
including voyage specific and reporting period specific model calibration constants while the total
number of all calibration constants, K, is expected to be down to, by 3 orders of magnitude less than
the total observations points Iobs + Lobs (= ~ 1000 times K) for a single voyage, and by 4 orders of
magnitude less than the total observations points Iobs + Lobs (= ~ 10,000 times K) for a single year,
and this fact fully justifies why:

r. the above over-determined mathematical problem can only be solved as a least squares
optimization (stochastic) problem;

s.  the uncertainty induced due to the aggregate error RMS (residual least squares RMS / standard
deviation of the measured data) inherent in the above optimization process itself, is expected to
be as minimal as possible.

In cases where credible and reliable data of main engine / shaft / propeller revolutions per
voyage, or for a number of consequent voyages, or per day, Nrev, are reported, the above analysis,
may be applied by also meeting the following additional condition(s), which is (are) to be met for
each discrete voyage, or for a number of consequent voyages, or per day, for which Nrev is known
(reported), however this is not necessarily required as a minimum:

2
3 [Nrev— f:t’fl‘itni(cj,j = 1K) dt}

acj

=0 (10)

(each one of) the above equation(s) applied for each one of all, K, model calibration constants Cj, j =1,
K, including voyage specific and reporting period specific model calibration constants while the
integral f:;ﬁ . ni(Cj,j = 1,K) dt is to be calculated on the basis of all of the observed pairs of
positions and UTC timestamps lobs + Lobs, i =1, Iobs + Lobs, whereas in cases of credible and reliable
data of main engine / shaft / FPP propeller revolutions reported daily, and/or between other reports
of sufficiently high frequency (number) during the same voyage, meeting the condition set by
equation (10) above between all subsequent reports is effectively equivalent to resolving the same
problem, without necessarily meeting the previously set conditions:
dni(Cj, j=1,K)/dt =0, i=1, lobs (12)
and/or:
d?ni(Cj, j = 1, K)/dt? =~ 0, i=1, Lobs (12)

In the same manner as above, in cases where credible and reliable data of main engine output of
mechanical work per voyage, or for a number of consequent voyages, or per day, W, are reported,
the above analysis, may be applied by also meeting the following additional condition(s), which is
(are) to be met for each discrete voyage, or for a number of consequent voyages, or per day, for which
W is known (reported), however this is not necessarily required as a minimum:

3 {w- [, Pi(CJj = LK) dt}z B
acj

(13)

(each one of) the above equation(s) applied for each one of all, K, model calibration constants Cj, j =1,

K, including voyage specific and reporting period specific model calibration constants while the
end

integral [~ Pi(Cj,j = 1,K)dt is to be calculated on the basis of all of the observed pairs of

tart
positions and UTC timestamps Iobs + Lobs, i=1, lobs + Lobs, whereas in cases of credible and reliable
data of main engine / shaft / FPP propeller power reported daily, and/or between other reports of
sufficiently high frequency (number) during the same voyage, meeting the condition set by equation
(13) above is also effectively equivalent to resolving the same problem, without necessarily meeting
the previously conditions set by equations (11) and/or (12) above.

In the same manner as above, in cases where credible and reliable data of main engine fuel oil
consumption per voyage, or for a number of consequent voyages, or per day, FOC, are reported, the

above analysis, may be applied by also meeting the following additional condition(s), which is (are)
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to be met for each discrete voyage, or for a number of consequent voyages, or per day, for which FOC
is known (reported), however in any case, this is not necessarily required as a minimum:

end

I . dni 2
3 {Foc— Jgoare PI(C),j = 1,K) SFOC(Pi,ni T cor) dt}

acj

=0 (14)

(each one of) the above equation(s) applied for each one of all, K, model calibration constants Cj, j =1,
K, including voyage specific and reporting period specific model calibration constants while the
integral f;ﬁ‘:t Pi(Cj,j = 1,K) SFOC(Pi,ni,dni/dt, cor) dt is to be calculated on the basis of all of
the observed pairs of positions and UTC timestamps Iobs + Lobs, i =1, Iobs + Lobs, whereas in cases
of credible and reliable data of main engine fuel oil consumption per voyage reported daily, and/or
between other reports of sufficiently high frequency (number) during the same voyage, meeting the
condition set by equation (14) above is also effectively equivalent to resolving the same problem,
without necessarily meeting the previously conditions set by equations (11) and/or (12) above.

Considering all the above and provided that one or more of equations (10), (13) and (14) above
may be applied, solving the problem described above without necessarily meeting the conditions
previously set by equations (11) and/or (12) above, is equivalent to considering that the trinities of
the following reported data obtained over a number of reporting intervals, i = 1, I-intervals, after
being controlled for the purpose of identifying and removing / amending / rectifying any material
misstatements [61,63], possibly inherent in them when in raw condition:

A. main engine fuel consumption, FOC, and/or main engine output / shaft mechanical work, W,
over a time spent at sea interval during which the ship is under its own propulsion (main engine
running hours interval),

B. distance TTW in the forward direction over the same as above time spent at sea interval during
which the ship is under its own propulsion (main engine running hours interval), and,

C. FPP propeller revolutions, Nrev, over the same as above time spent at sea interval during which
the ship is under its own propulsion (main engine running hours interval),

will follow a certain pattern in accordance with the above fundamental principle of the Law of
Similarity and Dimensional Analysis (see also Figure 1 below), meaning that when any two of the
three, A, B and C above, are determined, then the third one is to be determined as well, and to this
end the optimization problem to be resolved is equivalent to the quantitative determination of the
“best fitted” / “mean” / “most probable” [61,63] pattern (function / curves set) of minimum
(effectively “zero”) error (“uncertainty”) [61,63] for correlating any two of the above data A, B and C
above, to the third one, which can be established as per the above, in the following manner:

I-intervals 2
. end .. ...
a E ( Nrevi— Smrtnl(C],j =1,K) dt)
i=1

acj

=0 (15)

and/or:

2

I-intervals
. end s s
3 E ( wi— [oC, Pi(Cj,j = 1K) dt)
i=1

acj

=0 (16)

and/or:

2

I-intervals
. end PSR . _.dni
i) E ( FOCi— fstart Pi(Cj,j =1,K) SFOC(PL,TIL,?,CDT) dt)
i=1

5 =0 (17)

each one of the above equations applied for each one of all, K, model calibration constants Cj, j =1, K,
including voyage specific and reporting period specific model calibration constants.
Or in other words, and as far as the correlation of propeller shaft RPM and power to TTW (log)
speed data by “ships in practice” [61,63] is concerned:
t.  The trinities of TTW (log) speed, propeller shaft RPM and power average data values, during
each different voyage’s, daily or other, reporting periods / intervals, are expected to be correlated
in a certain predetermined pattern (“trend”), whereas their correlation is to compare in a
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technically and physically meaningful manner to the specific main engine and propeller data,
and to similar main engines and propellers in general (see also Figures 1, 2 and 3 above). This is
not examined by simply comparing statically the reported shaft power values with the
calculated ones, but instead by recalibrating / reconnecting the hydrodynamic models applicable
for the above correlation, with the respective actual data, for achieving a best fit match between
the reported and the calculated values of shaft power, which is equivalent to determining the
most probable shaft power model definition of least uncertainty which will produce a, physically
/ technically significant and consistent, “mean” value (“of reasonable degree of certainty”)
[61,63] of shaft power for all applicable (reported) combinations of RPM and TTW (log) speed
data values.

With regard to the unknown ship (not voyage) specific function:

SFOC = SFOC(Pi,ni,dni/dt,cor) = SFOC(Pi,ni,dni/dt,cor,Xj,j=1,M) (18)
this is determined by evaluating the “best fit” / “most probable” / “less uncertain” [61,63] set of values
for a number of unknown calibration constants of the applicable composite thermo-fluid and
frictional SFOC model, Xj, j=1,M, based on respective diesel engines models already in place [7,14-
17,19-26,29,31,32,36], specifically extended for covering also two stroke main engines layout and
operation thereof, for matching the shop tests, and/or bollard tests, and/or sea trials results, and/or
actual operational, observed data points i=1, Isfoc-obs for marine diesel engines SFOC values, as / if
available / applicable:

dt

o =0 (19)

Isfoc—obs
. . .dni . 2
F {SFoCci-SFOC(Pinir.corXj,j =1,M)}

and/or:

dt

o =0 (20)

Isfoc—obs
. . . dni . 2
3 { FOCi / Wi- SFOC(Pl,nl,—,COT,X],] = 1,M) }

each one of the above equations applied for each one of all, M, calibration constants of the applicable
composite thermo-fluid and frictional SFOC model, Xj, j=1,M.

With regard to the above, particular attention is to be paid to, COr, the set of parameters to be
utilized for the correction, alignment and benchmarking of main engines SFOC values with regard
to fuel type, fuel lower calorific value and other fuel quality indexes, as well as to SFOC related
environmental and other conditions in accordance with relevant industry standards and experience.
The above set of parameters is expected not to be unknown, meaning that the respectively applicable
fuel quality data and matching environmental conditions are, ideally, expected to be known in
advance (see also following subsection on “Big data” set). SFOC is inversely proportional to the
effective overall efficiency, which in turn is equal to the respective product of (mechanical efficiency)
times (indicated efficiency), while an effective overall efficiency value of ~ 0.50, for an MDO/MGO
net energy — lower calorific value reference value of 42.7 MJ/kgr, would be equivalent to a SFOC
value of ~ 168 gr / KW hr.

In summary, and as far as the correlation of main engine SFOC, RPM and power data by “ships
in practice” [61,63] is concerned:

u. The trinities of SFOC, RPM and power average data values of the main engine are expected to
be correlated in a certain predetermined pattern (“trend”), whereas the SFOC values are to
compare in a technically and physically meaningful manner to the shop test SFOC values (curve)
of the specific main engine, and of similar main engines in general. This is not examined by
simply comparing statically the reported SFOC values with the calculated ones, but instead by
recalibrating / reconnecting dynamic models for main engines’ mechanical efficiency and
indicated efficiency (on terms of relevant thermodynamics, heat transfer and gas dynamics
analyses) as well, with the respective actual engine data, for achieving a best fit / match between
the reported and the calculated values of SFOC, which is equivalent to determining the most
probable SFOC model definition of least uncertainty which will produce a, physically /
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technically significant and consistent, “mean” value (“of reasonable degree of certainty”) [61,63]
of SFOC for all applicable (reported) combinations of RPM and power data values.

2.2. “Big Data” Set

The “big data” set required for implementing the above fixed pitch (screw) marine propulsion
model as per equations (1) to (20) as / if applicable, comprises two distinct types of data:

1. Ship tracking data (AIS, LRIT, other)
2. Environmental, “met-ocean” (meteorological and oceanographic), “hind-cast” or actual, data

2.2.1. Ship Tracking Data (AIS, LRIT, Other)

The AIS, or other ship tracking, data include the following:

a. IMO Number and Type of ship.

b. Ship's position (longitude and latitude in decimal degrees) with accuracy indication and
integrity status: Automatically updated from the position sensor connected to AIS. The accuracy
indication is approximately 10 m.

c. Position Time stamp in UTC (date; hour; minute; second; 24 hours format YYYY/MM/DD
HH:mm:ss: Automatically updated from ship's main position sensor connected to AIS.

d. Course over ground (COG, ° -180 to 180 Northbound, 0 to 360 Southbound): Automatically
updated from ship's main position sensor connected to AIS, if that sensor calculates COG. This
information might not be available.

e. Speed over ground (SOG, knots): Automatically updated from the position sensor connected to
AIS. This information might not be available.

f.  Heading (°-180 to 180 Northbound, °0 to 360 Southbound): Automatically updated from the
ship's heading sensor connected to AIS.

g. Navigational status: To be manually entered by the OOW and changed as necessary:

i underway by engines;
ii. at anchor;
iii. not under command (NUC);
iv. restricted in ability to maneuver (RIATM);
V. moored;
vi. constrained by draught;
vii. aground;
viii. underway by sail.

h. Rate of turn, or (ROT, ° per minute): Automatically updated from the ship's ROT sensor or
derived from the gyro. This information might not be available.

i.  Draft (Ship's draught, m): To be manually entered at the start of the voyage using the maximum
draft for the voyage and amended as required (e.g. — result of de-ballasting prior to port entry).

j-  Destination: To be manually entered at the start of the voyage and kept up to date as necessary.

k. ETA (date; hour; minute; second; UTC 24 hours format): To be manually entered at the start of
the voyage and kept up to date as necessary.

The AIS data included in the relevant “big data” set:

1. Are transmitted by ships at predefined frequencies related to the navigational status, speed and
rate of turn (ROT), thereof.

m. Are received and made available at subsets of lesser, varying, frequencies depending on actual
circumstances and capabilities, by other ships, satellite stations and terrestrial stations.

n. Although it would be really “nice”, apparently, there is not one, universal system receiving and
storing all AIS data, of all ships, at all frequencies.

All the above are relevant to universal ship tracking data, however same as above, and/or more,
relevant data are, not universally, available by means of own vessel’s shipboard systems.

2.2.2. Environmental, “Met-Ocean” (Meteorological and Oceanographic), “Hind-Cast” or Actual,
Data
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The environmental “met-ocean” (meteorological and oceanographic), “hind-cast” or actual
historical, data include the following:

a. Barometric Air Pressure (mbar): At AIS Ship's position, AIS Position Time stamp in UTC and
sea surface level.

b.  Air Temperature (° C): At AIS Ship's position, AIS Position Time stamp in UTC and sea surface
level.

c.  Air Relative Humidity (%): At AIS Ship's position, AIS Position Time stamp in UTC and sea
surface level.

d. Air Density (kgr/m3): At AIS Ship's position, AIS Position Time stamp in UTC and sea surface

level.

Wind Speed (m/s): At AIS Ship's position, AIS Position Time stamp in UTC and sea surface level.

Wind Direction (°):At AIS Ship's position, AIS Position Time stamp in UTC and sea surface level.

Rain, Snow, or Hail Data: At AIS Ship's position, AIS Position Time stamp in UTC and sea

surface level.

Water Depth (m): At AIS Ship’s position (sufficiently deep unconstrained waters needed not be

reported / tracked in detail, while the non — availability of depth data would denote an erroneous

position ashore).

i.  Water Salinity (gr/kgr): Average value between surface (zero depth) and depth equal to AIS
Ship's draught, at AIS Ship's position and AIS Position Time stamp in UTC.

j.  Water Temperature (° C): Average value between surface (zero depth) and depth equal to AIS
Ship's draught, at AIS Ship's position and AIS Position Time stamp in UTC.

k.  Water Density (kgr/m3): Average value between surface (zero depth) and depth equal to AIS
Ship's draught, at AIS Ship's position and AIS Position Time stamp in UTC.

l.  Water Kinematic Viscosity (m2/s): Average value between surface (zero depth) and depth equal
to AIS Ship's draught, at AIS Ship's position and AIS Position Time stamp in UTC.

m. Water Saturated Vapor Pressure (mbar): Average value between surface (zero depth) and depth
equal to AIS Ship's draught, at AIS Ship's position and AIS Position Time stamp in UTC.

n. Ice in Water Data: Average value between surface (zero depth) and depth equal to AIS Ship's
draught, at AIS Ship's position and AIS Position Time stamp in UTC:

o. Water Current Speed (m/s): Average value between surface (zero depth) and depth equal to AIS
Ship's draught, at AIS Ship's position and AIS Position Time stamp in UTC.

p. Water Current Direction (°): Average value between surface (zero depth) and depth equal to AIS
Ship's draught, at AIS Ship's position and AIS Position Time stamp in UTC.

q- Wave Data: At AIS Ship's position, AIS Position Time stamp in UTC and sea surface level.

= @ oo

All of the above are relevant to universal shop data systems, however some of the above data
are, not universally, also available by means of own vessel’s shipboard systems.

2.3. Uncertainty and Materiality Definitions

2.3.1. Uncertainty Definition

Uncertainty is defined, and actually regulated [61], as a parameter, associated with the result of
the determination of a quantity, that characterizes the dispersion of the values that could reasonably
be attributed to the particular quantity, including the effects of systematic as well as of random
factors, expressed as a percentage, and describes a confidence interval around the mean value
comprising 95 % of inferred values taking into account any asymmetry of the distribution of values
[61]. In the above context, an uncertainty default value in line with industry standards, and as far as
FOC on ship specific / voyage (leg) specific basis is concerned, is 10%.

2.3.2. Materiality Definition

Materiality level is defined, and actually regulated [63], as the quantitative threshold or cut-off
point above which any erroneous entries inherent in the acquired data, individually or taken
together, are considered to be material [63]. The above materiality level as far as FOC on an annual,
ship specific, reporting basis is concerned, is regulated to 5% [63].
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3. Results

The results of the original analysis introduced in the previous sections, which are presented in
this paper, are based in data acquired from 10 vessels equipped with auto-logging / data acquisition
/ “machine learning” (ML) embedded Hardware In the Loop (HIL) shipboard systems, for acquiring,
logging and analyzing / controlling data in real time via high end embedded Field-Programmable
Gate Arrays (FPGA) controllers fit for the above purpose.

The aforementioned shipboard systems are capable of validating vessel sensors, monitoring data
flow and rectifying data gaps, all the above in real time. These systems’ software runs directly on
FPGA chips, independent from any operating system software, for eliminating any vulnerability
inherent to operating systems. The data sets generated by these shipboard systems are based on real-
time measurements from sensors located in different parts of the aforementioned vessels. Running
system software code directly on an FPGA chip is a (computing wise) “low level” process essentially
different to the processes of contemporary (effectively, “personal”) computing / operating systems
which have been originally developed for optimizing (essentially, maximizing the effectiveness of)
human - to — computer interaction. Field Programmable Gate Arrays (FPGAs) are developed for
being capable to provide “time deterministic” / “clocked” / accurately “time stamped” data
acquisition on the basis of their architecture which, among other features, comprises multiple I/O
channels / blocks effectively operating / “clocked” in parallel, without necessarily utilizing shared
internal resources, including but not limited to a single CPU time / availability, and without applying
as well operating system interrupts scanning (effectively, low frequency sampling) at the effective
frequency which is typical / standard for sharing (effectively, “personal”) computing resources,
including data acquisition devices scanning by system’s CPU. In this regard FPGA based shipboard
systems offer the best possible circumstances, tools and possibilities for managing any issues caused
by other shipboard data acquisition systems, individual sensors’ processors / processing systems and
buffers thereof, as well as by irregular pulse operation of flow meters or other sensors. As a matter of
fact, FPGA based shipboard systems’ high frequency (effectively, continuous) data acquisition
sampling is the exact reason for their real-time, remarkably high, data accuracy and quality, as well
as for their capability of automated rectification of data gaps.

The “big data” sets discussed above has been initially acquired by the aforementioned shipboard
systems, and subsequently (before the analysis presented in the previous sections is applied and the
analysis results presented below are generated) have been also confirmed, validated and/or
supplemented, by respective data acquired by means of universal systems such as the ones discussed
under section 2.2 above.

The aforementioned vessels’ main engines specifics are presented in Table 1 below:

Table 1. 10 vessels’ fleet main engines specifics.

Vessel Power RPM Numberof Cylinder Stroke
Number (MCR, KW) (MCR) Cylinders Bore (m) (m)

1 13560 105 6 0.6 24
2 13560 105 6 0.6 24
3 13560 105 6 0.6 24
4 11080 83 6 0.62 2.658
5 11080 83 6 0.62 2.658
6 11080 83 6 0.62 2.658
7 11080 83 6 0.62 2.658
8 15088 71.8 6 0.72 3.086
9 15088 71.8 6 0.72 3.086
10 15200 90 7 0.65 2.73

During the discussed data acquisition period each one of the above vessels was monitored
during a number of legs (voyages) with hydrostatic conditions (draft, trim, deadweight) kept,
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“effectively”, steady during each one of these legs (voyages). The number of legs (voyages) per vessel
and other relevant information are presented in Table 2 below:

Table 2. Number of legs (voyages) and of reporting intervals per vessel.

Vessel Number of Analysis Analysis Analysis = Reporting
Number Legs Typel Type2 Type 3 Intervals

1 38 38 38 38 306
2 31 31 31 31 333
3 35 35 35 35 297
4 29 29 29 29 284
5 5 5 5 5 87
6 4 4 4 4 81
7 32 32 32 32 298
8 13 13 13 13 172
9 30 30 30 27 165
10 5 5 5 5 49

For each one of the above 10 vessels, 3 different types of analysis have been conducted on the
basis of the data acquired during the respective reporting period:
e  Analysis Type 1: Equation (20) applied for all legs and all reporting intervals thereof;
e Analysis Type 2: Equation (17) applied for all legs and all reporting intervals thereof;
e  Analysis Type 3: Equation (17) applied for all legs, however independently for each one leg (“per
leg”) and for the reporting intervals per leg only.

With regard to the above and as far as vessel number 9 is particularly concerned, Analysis Type
3 was not possible for 3 discrete legs of her, the reason being that the number of the reporting intervals
for each one of these 3 discrete legs was lower than the minimum required for applying Analysis
Type 3. For this reason the number of legs indicated in Table 2 above for vessel number 9 and Analysis
Type 3 is 27 instead of 30 legs which are applicable for the specific vessel and for both Analysis Types
1 and 2 above.

In addition to all the above, Table 2 above also indicates the total number of reporting intervals,
I-intervals, applicable for equations (15), (16) and (17), and for above Analysis Types 2 and 3 as well,
which is also same to the total number of observed data points, Isfoc-obs, applicable for equations
(19) and (20), and for above Analysis Type 1 as well.

3.1. Analysis Type 1

For the purpose of Analysis Type 1, equation (20) was applied for all 10 vessels, for all legs
during the reporting period for each vessel (see Table 2 above), and for all reporting intervals of them
(see Table 2 above). The primary (essential) data for applying equation (20) were main engine running
hours, average shaft power (effectively, mechanical work), average shaft / main engine RPM
(effectively, revolutions) and FOC (with regard to the above, reference is also made to point .u in
section 2.1.5. above).

The same composite thermo-fluid and frictional SFOC model based on respective diesel engines
models already in place [7,14-17,19-26,29,31,32,36], specifically extended for covering also two stroke
main engines layout and operation thereof, was applied for all 10 vessels / main engines, while for
each vessel / man engine the respectively applicable geometrical data of Table 1 above were used,
and the same also applied for each engine’s other technical characteristics, as well as for, cor, the set
of parameters to be utilized for the correction, alignment and benchmarking of main engines SFOC
values with regard to fuel type, fuel lower calorific value and other fuel quality indexes, as well as to
SFOC related environmental and other conditions in accordance with relevant industry standards
and experience.
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M, the number of unknown calibration constants of the, Xj, j=1,M, was equal to 7 (M = 7),
meaning that for each one of the 10 vessels an overdetermined mathematical problem was resolved
for determining the values of a set of 7 unknown calibration constants on the basis of a number of
observations for each vessel equal to the respective value of the last column of Table 2 above, by
applying equation (20) instead of attempting an exact solution for the above problem (which in any
case, would by no means be possible). Each set of the 7 unknown calibration constants determined
for each vessel was applicable for each vessel / main engine throughout the whole reporting period
and all the legs and reporting intervals thereof, meaning that as far as Analysis Type 1 is concerned,
no voyage / leg specific distinction was applicable, nor necessary, throughout the whole reporting
period.

On the basis of the above, a different SFOC function such as the one defined by means of
equation (18) was effectively determined for each one of the 10 vessels / main engines throughout the
whole reporting period applicable for each vessel, whereas each one of the determined SFOC
functions also compares in a technically and physically meaningful manner to the respective shop
test SFOC values (curve) of each vessel / specific main engine, and of similar main engines in general.

Given the type of data available, the transient operation effect, dn/dt, in equations (18) and (20)
was not considered at all, meaning that in all cases (quasi-)steady state performance was only
considered on the basis of data average values, while transient main engine operation intervals such
as maneuvering in, maneuvering out, pilotage, etch, were not considered at all. Some key / critical
results of Analysis Type 1 are presented in Table 3 below:

Table 3. Analysis Type 1: Some key / critical results.

Vessel Column Column Column Column Column Column Column
Number 1 (%) 2 (%) 3 (%) 4 (%) 5 (%) 6 (%) 7 (%)
1 1.38 0.00 4.33 5.79 50.1 92.1 46.2

2 0.89 0.00 9.40 6.99 50.1 91.8 46.0
3 0.01 0.00 4.76 4.92 47.6 89.5 42.6
4 0.06 0.00 1.71 3.74 52.8 91.6 48.4
5 0.05 3.74 2.62 3.82 50.9 92.1 46.9
6 0.10 0.00 5.21 6.65 48.3 92.4 44.6
7 0.02 0.00 0.88 2.62 53.2 91.6 48.7
8 4.17 0.00 0.98 4.38 56.2 91.7 51.5
9 0.06 4.30 5.70 5.68 55.8 90.2 50.4
10 4.89 0.00 0.06 5.20 57.8 91.5 52.8

With regard to the different results / percentages presented in the different Columns of Table 3
above, each one of the above Columns is explained right below:

1. FOC Materiality (see also section 2.3.2 above): absolute value of the fraction below

Isfoc—obs .
Z { Wi SFOC (Pi,ni,d—r;l,cor,Xj,j = 1,M) - FOCi}

i=1

lefoc—obs FOCi

i=1
In accordance with the regulated materialty definition (see also section 2.3.2 above) [63], the

Column 1 values in Table 3 should be lower than 5%.

2. FOC percentage over the whole reporting period, of voyages with an absolute value of
uncertainty > 10% (see also section 2.3.1 above): Voyage uncertainty is to be calculated same as
the fraction in 1 above, however the absolute value of the algebraic summation in the numerator
is to include only the reporting intervals on a per voyage / per leg basis (for each distinct voyage
/ leg only; see also section 2.3.1 above). Furthermore the denominator is to include only the
summation of terms: Wi SFOC (Pi, ni,%i, cor,Xj,j = 1,M ), instead of the summation of the
terms FOCi, on a per voyage / per leg basis only (for each distinct voyage / leg only; see also
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section 2.3.1 above). In accordance with the regulated uncertainty definition (see also section

2.3.1 above) [61], the Column 2 values in Table 3 above should be lower than 5%.
3. FOC percentage over the whole reporting period, of reporting intervals with an absolute value

of uncertainty > 10% (see also section 2.3.1 above):

Reporting interval uncertainty for the specific reporting interval i will be equal to the absolute
value of (see also section 2.3.1 above for the regulated uncertainty definition) [61]:

. . . dni C
1— FOCi/ {Wl SFOC (Pl, ni, %2 cor,Xj,j = 1, M)}

4. “RMS error / standard deviation / RMS uncertainty”, “ad hoc” defined as:

i=1

Isfoc—obs Isfoc—obs dni 2
Z (Foci) Y FOCi} { 1 — Wi SFOC (Pi,ni, %=, cor, Xj,j = 1,M)/FOCi}
i=1

5. Indicated efficiency (weighted average value applicable for the whole reporting period).

6. Mechanical (“frictional”) efficiency (weighted average value applicable for the whole reporting
period).

7. Effective overall efficiency (weighted average value applicable for the whole reporting period)
equal to the respective product of (weighted average mechanical efficiency) times (weighted
average indicated efficiency), inversely proportional to the weighted average SFOC value (an
effective overall efficiency value of ~ 0.50, for an MDO/MGO net energy — lower calorific value
reference value of 42.7 MJ/kgr, would be equivalent to a SFOC value of ~ 168 gr / KW hr).

3.2. Analysis Type 2

For the purpose of Analysis Type 2, equation (17) was applied for all 10 vessels, for all legs
during the reporting period of each vessel (see Table 2 above), and for all reporting intervals of them
(see Table 2 above). The primary (essential) data for applying equation (17) were main engine running
hours, average shaft / main engine RPM (effectively, revolutions), FOC, average TTW (log) speed
(effectively, distance TTW sensed by the vessel) in the forward direction (with regard to the above,
reference is also made to point .t in section 2.1.5 above), and hydrostatic data (draft, trim, deadweight,
which in any case are voyage / leg specific, or in other words, only available on per voyage / leg basis)
as well in accordance with Correlation Scheme 4 in section 2.1.4 above.

As far as the different SFOC function such as the one defined by means of equation (18) which
would be necessary for each one of the 10 vessels / main engines throughout the whole reporting
period applicable for each vessel before applying equation (17), these functions are available as a
result of Analysis Type 1 (see section 3.1 right above), as Analysis 2 runs only after Analysis 1 is first
concluded. As far as the function for defining and effectively determining shaft power, Pi, is
concerned, and on the basis of the analysis of equations (1) to (17), equation (6) is applicable for each
one of the 10 vessels / main engines throughout the whole reporting period applicable for each vessel.
With regard to the above, and apart from point .t in section 2.1.5 above, reference is also made to
Correlation Schemes #1, #2, #3 and #4, as these are discussed in sections 2.1.1, 2.1.2, 2.1.3 and 2.1.4
above, as well as to the “big data” set availability and utilization discussed in section 2.2 above and
in other sections as well.

K, the number of unknown, reporting period specific, model calibration constants Cj, j =1, K,
equals 6 (K= 6), meaning that for each one of the 10 vessels an overdetermined mathematical problem
was resolved for determining the values of a set of 6 unknown calibration constants on the basis of a
number of observations for each vessel equal to the respective value of the last column of Table 2
above, by applying equation (17) instead of attempting an exact solution for the above problem
(which in any case, would by no means be possible). Each set of the 6 unknown calibration constants
determined for each vessel was applicable for each vessel / main engine throughout the whole
reporting period and all the legs and reporting intervals thereof, meaning that as far as Analysis Type
2 is concerned, no voyage / leg specific distinction was applicable, nor necessary, throughout the
whole reporting period (with regard to the above, particular reference is also made to Correlation
Scheme 4 in section 2.1.4 above).
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On the basis of the above, a different shaft power, Pi, function such as the one defined by means
of equation (6) was effectively determined for each one of the 10 vessels’ hull, appendages, propeller,
propeller shaft line and stern tube thereof, throughout the whole reporting period applicable for each
vessel, whereas each one of the determined shaft power, Pi, functions, also compares in a technically
and physically meaningful manner to the respective main engine and propeller data, and to similar
main engines and propellers in general.

Given the type of data available, any transient operation effect in equations (6) and (17) was
not considered at all, meaning that in all cases (quasi-)steady state performance was only considered
on the basis of data average values, while transient operation intervals, including but not limited to
maneuvering in, maneuvering out, pilotage, etch, were not considered at all.

Some key / critical results of Analysis Type 2 are presented in Table 4 below:

Table 4. Analysis Types 2 and 3: Some key / critical results.

Vessel Column Column Column Column Column Column Column
Number 1 (%) 2 (%) 3 (%) 4 (%) 5 (%) 6 (%) 7 (%)
1 2.72 10.63 20.29 15.11 0.73 0.00 7.27

2 4.13 9.43 20.47 12.67 0.86 0.00 10.58
3 2.02 4.64 12.38 8.73 0.52 0.00 4.29
4 1.39 0.00 12.36 13.64 1.04 0.00 9.79
5 0.85 3.73 7.05 8.92 0.16 0.00 1.87
6 0.36 0.00 10.10 8.11 0.63 0.00 11.21
7 2.02 1.76 11.50 16.19 0.81 0.00 8.19
8 1.13 5.85 9.12 12.27 1.76 222 6.33
9 2.96 7.24 13.70 10.79 1.97 1.96 11.65
10 1.18 0.00 7.95 6.20 1.42 0.00 10.50

With regard to the different results / percentages presented in the different columns of Table 4
above, each one of the above Columns which is relevant to the results of Analysis Type 2, is explained
right below:

1. FOC Materiality (see also section 2.3.2 above): absolute value of the fraction below

I—-intervals ;
, end P TR .. dni
> . LFOCi— (G Pi(C),j = 1,K) SFOC (Pini, G cor) dt}

I—intervals P
Yict FOCi

In accordance with the regulated materialty definition (see also section 2.3.2 above) [63], the
Column 1 values in Table 4 above should be lower than 5%.

2. FOC percentage over the whole reporting period, of voyages with an absolute value of
uncertainty > 10% (see also section 2.3.1 above): Voyage uncertainty is to be calculated same as
the fraction in 1 above, however the absolute value of the algebraic summation in the numerator
is to include only the reporting intervals on a per voyage / per leg basis (for each distinct voyage
/ leg only; see also section 2.3.1 above). Furthermore the denominator is to include only the
summation of terms:

end dni
f Pi(Cj,j = 1,K) SFOC (Pi,ni,—,cor) dt
start dt
instead of the summation of the terms FOCi, on a per voyage / per leg basis only (for each
distinct voyage / leg only; see also section 2.3.1 above). In accordance with the regulated
uncertainty definition (see also section 2.3.1 above) [61], the Column 2 values in Table 4 above
should be lower than 5%.
3. FOC percentage percentage over the whole reporting period, of reporting intervals with an
absolute value of uncertainty > 10% (see also section 2.3.1 above): Reporting interval uncertainty

for the specific reporting interval 7, will be equal to the absolute value of (see also section 2.3.1
above for the regulated uncertainty definition) [61]:
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end

1= FOCi / {[4ne, Pi(C}.j = 1,K) SFOC (Pi,ni, o, cor) dt}
4.  “RMS error / standard deviation / RMS uncertainty”, “ad hoc” defined as:

tart

I-intervals I-intervals end dni 2
Z {FOCL'/ZE._1 FOCi} {1 — fs Pi(Cj,j =1,K)SFOC(Pi,ni,E,Cor)dt/FOCi}
i=1 -

3.3. Analysis Type 3

The Analysis Type 3 is similar (almost same) to Analysis Type 2 above (see section 3.2 above),
the only difference being that as far as the function for defining and effectively determining shaft
power, Pi, is concerned, and on the basis of the analysis of equations (1) to (17), equation (6) is
applicable for each one of the 10 vessels / main engines however not throughout the whole reporting
period applicable for each vessel, but instead on a per voyage / per leg basis.

K, the number of unknown, reporting period specific, model calibration constants Cj, j =1, K,
equals 3 (K = 3), meaning that for each one of the voyages / legs of each one of the 10 vessels, an
overdetermined mathematical problem was resolved for determining the values of a set of 3
unknown calibration constants on the basis of the number of observations for each voyage (each leg)
of each vessel equal to the respective number of reporting intervals per voyage (per leg), instead of
attempting an exact solution for the above problem (which in any case, would by no means be
possible).

Each set of the 3 unknown calibration constants determined for each one of the voyages / legs of
each one of the 10 vessels was applicable throughout each single voyage / leg only (and not
throughout the reporting period) of each vessel, meaning that as far as Analysis Type 3 is concerned,
a voyage / leg specific distinction was applicable, and necessary as well, during the reporting period
of each vessel.

On the basis of the above, a different shaft power, Pi, function such as the one defined by means
of equation (6) was effectively determined for each one of the voyages / legs of each one of the 10
vessels’ hull, appendages, propeller, propeller shaft line and stern tube thereof, during the same
reporting period applicable for each vessel, whereas each one of the determined shaft power, Pi,
functions, also compares in a technically and physically meaningful manner to the respective main
engine and propeller data, and to similar main engines and propellers in general. Some key / critical
results of Analysis Type 3 are presented in Table 4 above and in Columns 5, 6, and 7 of it in particular.

With regard to the different results / percentages presented in the different Columns of Table 4
above, the above columns which are relevant to Analysis Type 3 are explained right below:

5. FOC Materiality (see also section 2.3.2 above) [63]: Same as Column 1 of the same Table 4,
however for Analysis Type 3, as applicable (“mutatis — mutandis”).

6. FOC percentage of voyages with uncertainty > 10% (see also section 2.3.1 above) [61]: Same as
Column 2 of the same Table 4, however for Analysis Type 3, as applicable (“mutatis —
mutandis”).

7. FOC percentage of reporting intervals with uncertainty > 10% (see also section 2.3.1 above) [61]:
Same as Column 3 of the same Table 4, however for Analysis Type 3, as applicable (“mutatis —
mutandis”).

4. Discussion

The results presented in section 3 above, are only a very small portion of all the data, results,
information and experience available to the author with regard to the original research work
presented in this paper. The above results have been carefully selected for underlining the nature of
this work in conjunction with the need for a balanced structure of this paper with regard to the
obvious and self-explanatory, space and other as well, limitations in the presentation of this work
herewith, as well as in the application of the methods presented above.

Considering both Tables 3 (Analysis Type 1 results) and 4 (Analysis Types 2 and 3 results), it is
obvious that Analysis Type 1 (seagoing main engine thermo-fluid / gas / frictional analysis) appears
to be far more successful than the Analyses of Types 2 and 3 (seagoing hydrodynamics analysis). A
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first attempt to explain the above comparison would consider the fact that the models applied for the
main engines thermo-fluid / gas / frictional analysis of the relevant vessels and reporting periods are
more deterministic and less stochastic than the ones applied for the respective hydrodynamics
analysis (Types 2 and 3), considering also the fact that the former ones use 7 “degrees of freedom”
for models calibration .vs. the 6 and 3 “degrees of freedom” used by the latter ones respectively.

As a matter of fact, resolving such an overdetermined, extremely non-linear, system of, 7
unknown “degrees of freedom” on one hand, (up) to 333 (or even 49) observations / “equations”
(reporting intervals) on the other, with the quality characteristics of the solution thereof depicted in
the first 4 columns of Table 3 above, would only underline the deterministic strength, significance
and merit of the models applied for the Analysis Type 1 above, whereas such a conclusion may also
be derived on the basis of the above presentation of this research work as a whole and in retrospect
as well.

As far as the purely technical aspects and insight capabilities of Analysis Type 1 are concerned,
reference is made to the last 3 columns of Table 3 above, which are to be considered in conjunction
with the information and data in Table 1 above and with the geometrical data thereof in particular.
Furthermore the above may be also explained on the basis of the different types of control and
operation of the 10 main engines in Table 1 above (mainly mechanical, mainly electronic, hybrid /
“balanced” between the two ends). The above are to be particularly considered as far as the
information and results on the mechanical efficiency / frictional losses of the above main engines are
concerned (see Column 6 of Table 3 above), which among their other significance and insight
capabilities, are also critical and essential as far as the technical management of vessels with main
engines such as the ones presented in Table 1 above is concerned, and also available on the basis of
the application of Analysis Type 1 above.

Notwithstanding any of the above, and revisiting the aforementioned comparison between
Table 3 (Analysis Type 1 results) on one hand, and Table 4 (Analysis Types 2 and 3 results) on the
other, one could only agree that a closer look on the above would reveal some interesting aspects of
Analysis Types 2 and 3 above, particularly after considering also that the general context of seagoing
hydrodynamics is in any case, and “by definition”/ “by birth” as well, more stochastic and less
deterministic than the main engine seagoing thermo-fluid / gas dynamics and mechanical efficiency
analysis counterpart general context.

As a matter of fact, a closer comparison of the Analysis Type 2 (Columns 1, 2, 3 and 4 of Table 4)
results with the ones of Type 3 (Columns 5, 6 and 7 of Table 4), would easily reveal the fact that
Analysis Type 3 results are, from a qualitative standpoint and for all 10 vessels under consideration,
almost as successful as the ones of Analysis Type 1 above, even if not exactly so.

In this regard, and considering also the fact that Analysis Type 3, and as far as the data and
results presented in this work are particularly concerned, is based on the solution of an
overdetermined, extremely non-linear, system of, 3 unknown “degrees of freedom” on one hand,
(up) to 33 observations / “equations” (maximum number of reporting intervals per voyage / leg and
per vessel) on the other, with the quality characteristics of the solution thereof depicted in the last 3
columns of Table 4 above, would only underline the deterministic strength, significance and merit of
the hydrodynamics models applied for the Analysis Type 3 above, also.

Considering all the above in conjunction with the fact that the results of Analysis Type 2 in
Columns 1, 2, 3, and 4 of Table 4 are not distinctively weaker than the ones of Analysis Types 1 and
3 in their entirety, but only as far as the data analysis of only the 4 or 5 out of the 10 vessels under
consideration are concerned, and furthermore that the data analysis of the remaining 5 or 6 out of the
10 vessels examined is evidently much stronger, even if not as strong as the data analyses in
accordance with Types 1 and 3 above, one can safely conclude that the, not as successful as expected,
results of Analysis Type 2 as far as almost half the vessels” data under consideration are concerned,
has to do with the differences between analyses of Types 2 and 3 which are presented in detail in
Section 3.3 above. In summary the key feature differentiating / extending / uplifting “for all the good
reasons” Analysis Type 2 from Analysis Type 3, is the application of Correlation Scheme 4, as such is
laid out in detail in section 2.1.4 above, which in turn necessitates the availability of solid hydrostatic
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data (draft, trim, deadweight), practically at all times when such a data acquisition is possible and
meaningful.

In this regard and considering the multiple, digital, analogue or manual, shipboard systems
where these data may be acquired from, (in certain occasions only) including but not limited to a
“draft survey” during which the seaside drafts are read from the water level through a launch boat
or tender, in conjunction with the commercial sensitivity of these data, among other aspects of them,
as far as any vessel’s loading conditions are concerned, and furthermore with regard to any
permanent or temporary effect of loading distribution on the hull geometry irrespectively of any
given waterline position relative to the hull, it is possible that an erroneous data flow, or even data
entry or data control, may be inherent in the shortcoming under discussion and as far as the particular
data acquired from the specific vessels are concerned, while all the above may also serve as a solid
example with regard to the validity, significance and versatility of the integrated methodology
presented in this work.

5. Conclusions

An original analysis of standard ships propulsion, and particularly of the original combined
application of thermo-fluid and frictional models of main engines, as well as of fixed pitch propulsion
hydrodynamic models, necessary for resolving in an integrated manner the combined marine
propulsion problem for standard ships under seagoing conditions, was presented above. The
underlying needs to be met by the present work may, among others, be any one of the following, and
any combination thereof as well, applicable for any given seagoing vessel, and/or for any given “new
building” project:

e  The comprehensive prediction, and/or verification, and/or certification of shaft power and/or
revolutions values, subject to any applicable regulatory, or other, limitation, accompanied by the
respectively applicable uncertainty and materiality levels;

e  The comprehensive prediction, and/or verification, and/or certification of fuel consumption and
CO2 emissions (and of other emissions as well) accompanied by the respectively applicable
uncertainty and materiality levels;

e  The support of relevant business / financing plans, and/or “new building” projects, including or
not a relevant to all the above add-on service provision package;

e  The resolution and/or support of relevant charter party related claims and/or disputes;

e  The optimization of the relevant voyage performance parameters (i.e., vessel’'s speed, RPM,
weather routing, fuel oil consumption, other);

e  The comprehensive determination of the vessel’s main engine condition and deterioration level,
as far as both the indicative efficiency and the mechanical (“frictional”) efficiency, are concerned;

e  The comprehensive determination of the vessel’s hull and propeller fouling and other conditions
(“service margin”), as well as, of the required hull and propeller, underwater or not, inspection
and/or polishing intervals — frequency;

e  The comprehensive performance insight in vessels hydro and thermal analyses;

e The integration of any and all of the above, to AIS, and or other vessel tracking, data and/or
weather routing providers.

The above analysis has been already applied for processing a sufficiently big initial data set
acquired directly from the marine environment (“at sea”) for a total period of nearly 7 months on
board ocean going vessels, and from other sources as well.

The original application of the above analysis on the basis of available shipboard and universal
“big data” sets enables the accurate, space - time, modelling and simulation of the effect of the actual
environmental conditions and of the voyage data of a vessel, on the propulsion shaft power and
revolutions, and on the vessel attainable TTW speed in the forward direction as well, yielding in this
regard formidable results in terms of the uncertainty and the materiality of predicted main engine
fuel oil consumption, offering at the same time a valuable insight to the above effect.
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