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Abstract

The article presents an algorithm for creating software leading to the opti-
mization of the combustion process of marine engines. Parameters determining
the Existing Ships Energy Efficiency Index (EEXI) related to ship type, capac-
ity, and propulsion principle are considered. Test data on the characteristics of
a two-stroke main engine, model HYUNDAI 6S60MC-C for six types of loads
were used as the basis. To present the working field of the engine, the necessary
calculations have been carried out and dependencies have been derived for the
power and the specific fuel consumption as a function of the revolutions. The
implementation includes the development of a small software program using
Delaunay’s triangulation algorithm to create 3D graphics, as well as Python
libraries and methods.

Key words: Delaunay triangulation, 3D visualization, EEXI, CII, marine
diesel engine, effective power, specific fuel consumption

1. Introduction. The global trade supply chain relies heavily on the inter-
national shipping sector, with approximately 80% by volume, and 70% by value
of goods being transported by sea vessels [1]. While shipping is considered the
most efficient and cost-effective method of international transportation for most
goods it is facing growing concerns due to its substantial fuel consumption and
the resulting surge in air pollutants including nitrogen oxides (NOx), sulphur
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oxides (SOx), harmful particulate matter (PM), and greenhouse gases, primar-
ily carbon dioxide (CO2). According to reports published by the International
Maritime Organization (IMO), international shipping contributes significantly to
global emissions, accounting for approximately 14–31% of nitrogen oxide (NOx)
emissions, 4–10% of sulphur oxide (SOx) emissions, and 2–3% of carbon dioxide
(CO2) emissions worldwide [2].

Since 2018, the IMO has implemented a strategy aimed at mitigating green-
house gas emissions originating from ships [3]. In alignment with this strategy,
significant amendments are underway within the International Convention for the
Prevention of Pollution from Ships (MARPOL). Starting from November 2022,
Chapter 4 of Annex VI is undergoing revisions that compel the rapid enhancement
of ships’ energy efficiency. Furthermore, effective January 1, 2023, the calculation
of the Energy Efficiency Existing Index (EEXI) has been mandated, necessitat-
ing the collection of data to report an annual operational indicator known as the
Carbon Intensity Indicator (CII). Stringent regulations have been introduced, en-
compassing enhanced inspection protocols, certification requirements, and more
robust control mechanisms for various vessel categories. These measures reflect a
significant step towards reducing emissions from maritime transport and foster-
ing a decline in the carbon intensity associated with international shipping. To
achieve this goal, a substantial reduction of 40% in the Energy Efficiency Existing
Index (EEXI) is expected by the year 2030 [4].

Several measures have been implemented to advance this cause, including
the adoption of energy-efficient technologies and recycling systems [5], stream-
lining fuel processes for optimization [6], implementation of hybrid propulsion
systems [7], onboard carbon dioxide (CO2) capture initiatives [8], and the uti-
lization of diverse methods for optimizing the main engine’s workload [9]. In the
case of vessels currently in operation, reducing carbon dioxide and nitrogen oxide
(NOx) emissions often involves the optimization of combustion processes.

Some of the world’s largest and most essential maritime vessels, such as con-
tainer ships and bulk carriers are powered by low-speed diesel engines. These
engines are renowned for their robustness and fuel efficiency, making them vi-
tal for long-haul and heavy-duty applications. Visualizing the parameters of a
low-speed diesel engine is pivotal in the maritime industry. This graphical rep-
resentation offers a clear insight into engine performance, assisting operators in
selecting the most advantageous operating configurations. By visually assessing
crucial parameters supplemented when the external sailing conditions, such as
wave, wind, and draft change ship operators and engineers can make informed
decisions to optimize the engine’s performance [10]. This process aids in reduc-
ing environmentally harmful emissions, enhancing fuel efficiency, and ultimately
promoting the sustainability of maritime operations [11,12].

This article presents a software program using Delaunay’s triangulation al-
gorithm, which calculates the basic parameters of a main engine and presents a
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detailed visualization of the engine’s operating field, facilitating the selection of
an optimal operating point.

2. Principles and tasks formulation. To create a 3D graph illustrating
the operational range of a low-speed diesel engine, three key design parameters are
considered: specific fuel consumption, effective power output, and engine speed
(revolutions per minute). This approach simplifies the process of identifying the
optimal operating mode for the engine, making it more accessible and user-friendly
for engineers and operators [13].

Additionally, the execution of several essential tasks is necessary:

1. Initial measurements and calculations:

Building upon initial measurements of the three key characteristics, a series
of calculations are executed, dependencies are meticulously established,
and graphical representations are crafted. The basic steps involved in the
process include:

• Calculate the effective power (Pe calc.).

• Determine the specific fuel consumption (be) and its variation as a
percentage of the nominal effective power at 100% load (Pe).

• Create graphical representations and establish dependencies using
two reference points.

• Identify key coefficients, including α, β, µ, µ′, σ, σ′.

• Plot the function be = f(Pe %), generate an approximating curve,
and establish correlations.

• Calculate specific fuel consumption (be) and effective power (Pe) for
various load conditions to acquire additional data points.

2. Development of an algorithm to facilitate the creation of a specialized
software solution for 3D visualization.

3. Utilization of the algorithm to develop a user-friendly software application
tailored for 3D visualization, providing an efficient and practical tool for
engine performance analysis.

These comprehensive tasks and software capabilities enhance the precision
and efficiency of evaluating low-speed diesel engine operation, offering valuable
insights for optimal performance assessment.

3. Experimental setting and results. 3.1. Initial measurements and
calculations. Following measurements conducted at a rotation frequency close
to the engine’s operational speed, the correlation between power and revolutions
is established. For performance testing of the two-stroke low-speed diesel engine,
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T a b l e 1

Test data of two-stroke low-speed diesel engine HYUNDAI model 6S60MC-C; D – Description,
C/M – Calculated/Measured, L – Load (% of Pe), MIP – Mean Indicator Pressure (Pi, [kW]),
R – Revolutions per minute (n, [rpm]), EF – Effective power (Pe, [BHP]), HE – Consumption
per hour (Bh, [kg/h]), EFC – Effective Power Calculated (Pe calc.), [kW]), SFC – Specific fuel
consumption (be, [kg/kWh]), REP – Rated effective power (Pe, % of REP at 100% and load =

11 326.4706 [kW])

D Row C/M
Column

1 2 3 4 5 6
L 1 25 50 75 90 100 110
MIP 2 8.16 12.37 15.91 17.81 19.06 20.23
R 3 M 61.10 77.00 88.10 93.70 97.00 100.10
EF 4 3849.00 7700.00 11550.00 13868.00 15404.00 16937.00
HE 5 517.1430 1017.3910 1488.5710 1802.8570 2021.6740 2261.2310
EFC 6 2830.1471 5661.7647 8492.6471 10197.0588 11326.4706 12453.6765
SFC 7 C 0.182632 0.179648 0.175232 0.176858 0.178491 0.181492
REF 8 2831.617647 5663.235294 8494.852941 10193.82353 11326.47059 12459.11765

specifically the HYUNDAI 6S60MC-C model, data was collected for six different
load conditions, as outlined in Table 1.

Subsequently, comprehensive calculations are performed to create a visual
representation of the engine’s operational range. This graphical presentation ef-
fectively conveys the interplay between engine revolutions, power output, and
specific fuel consumption. The sequence of calculations is in the following order:

First, convert effective power from horsepower to kilowatts using:

(1) Pe calc.[kW] =
Pe[BHP]
1.36

.

The calculated results are shown in row 6 of Table 1.
Next, the calculation of the specific fuel consumption is performed using:

(2) bei

[
kg

kWh

]
=

Bhi

Pei

[
kg

kWh

]
,

where the specific fuel consumption be is calculated as the ratio between the hourly
consumption Bhi

and the effective power Pei at different loads i. Calculated results
for i = 25%, 50%, 75%, 90%, 100%, and 110% are available in Table 1, row 7.

Calculating the coefficients α, β, µ, σ, µ′, σ′, under specific conditions of
the ship engine complex helps to solve the task of choosing the optimal operating
mode. Using them it is possible to determine graphical dependencies for power
(Pe), and velocity of the ship (Vs) at specific revolutions (n).

The coefficients β and µ, which characterize the ship screw, are determined
to calculate the effective power using the following equation

(3) Pe = µ ∗ nβ,
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where Pe is the effective power of the engine, [kW]; µ is the coefficient character-
izing the ship screw; β is the coefficient characterizing the ship screw, within the
range 2.6 < β < 3.3; and n is the number of revolutions per minute [rpm].

Based on the assumption that if two mode points lie on the same screw
characteristic, it follows that β1 = β2 and µ1 = µ2. The coefficients β and µ are
calculated for each point of the screw characteristic using:

(4) β =
lg (Pe, 1/Pe, 2)

lg (n1/n2)
, µ = Pe/n

β.

The function be = f(Pe %) is graphed and an approximating curve and
correlation are generated (Fig. 1).

Fig. 1. Generated approximating curve and correlation for specific load flow

An equation of the form is derived:

(5) y = 4E− 14 ∗ x3 − 6E− 10 ∗ x2 + 2E− 06 ∗ x+ 0.183

and correlation:

(6) R2 = 0.969.

After substituting into the equation be = f(Pe %) the resulting formula is:

(7) be = 4 ∗ E− 14 ∗ P 3
e − 6 ∗ E− 10 ∗ P 2

e + 2 ∗ E− 06 ∗ Pe + 0.183.
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T a b l e 2

Calculated and summarized results

% n Pe be % n Pe be

25 61.1 2789.868 0.184778 90 93.7 2836.865 0.184758

25 61.1 5579.737 0.182428 90 93.7 5673.730 0.182339

25 61.1 8369.605 0.181161 90 93.7 8510.595 0.181220

25 61.1 10043.530 0.183088 90 93.7 10212.710 0.183453

25 61.1 11159.470 0.186188 90 93.7 11347.460 0.186882

25 61.1 12275.420 0.191129 90 93.7 12482.210 0.192273

50 77.0 2814.478 0.184768 100 97.0 2835.964 0.184759

50 77.0 5628.957 0.182381 100 97.0 5671.928 0.182340

50 77.0 8443.435 0.181190 100 97.0 8507.892 0.181219

50 77.0 10132.120 0.183275 100 97.0 10209.470 0.183446

50 77.0 11257.910 0.186545 100 97.0 11343.860 0.186868

50 77.0 12383.710 0.191718 100 97.0 12478.240 0.192250

75 88.1 2823.563 0.184764 110 100.1 2836.420 0.184758

75 88.1 5647.126 0.182364 110 100.1 5672.840 0.182339

75 88.1 8470.689 0.181202 110 100.1 8509.260 0.181219

75 88.1 10164.830 0.183346 110 100.1 10211.110 0.183449

75 88.1 11294.250 0.18668 110 100.1 11345.680 0.186875

75 88.1 12423.680 0.191941 110 100.1 12480.250 0.192262

Table 2 shows the summarized results for effective power and specific fuel
consumption as a function of rpm.

3.2. Development of an algorithm to facilitate the creation of a
specialized software solution for 3D visualization.

3.2.1. Delaunay triangulation and application. Delaunay triangulation is a
geometric algorithm widely employed in computational geometry to efficiently
partition a set of points into non-overlapping triangles. Its application extends to
3D visualization, where it becomes a powerful tool for representing and analyz-
ing complex spatial relationships. In the context of 3D visualization, Delaunay
triangulation aids in creating a well-defined network of tetrahedra, connecting
points in three-dimensional space. This process not only enhances the visualiza-
tion of intricate surfaces but also facilitates the interpolation of data across the
3D domain. The resulting triangulation forms the basis for constructing surfaces
and volumes, providing a structured framework that proves invaluable in vari-
ous fields, including computer graphics, geographical information systems, and,
notably, the representation of parameters in engineering systems such as marine
diesel engines [14,15].

3.2.2. Creating an algorithm for 3D visualization. The algorithm for 3D vi-
sualization encompasses several key steps. Initially, input data is loaded from
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an Excel file, facilitating organized data management. Subsequently, the algo-
rithm organizes the visualization of this data in a tabular format for enhanced
accessibility. The process then involves the establishment of a network of coordi-
nates, incorporating both f(Pe, n) coordinates and relative coordinates within
a 2D plane. Leveraging the triangulation method grounded in the Delaunay
algorithm, the algorithm systematically generates a comprehensive spatial rep-
resentation. This method proves particularly instrumental in constructing a 3D
visualization that vividly illustrates the energy performance of a low-speed marine
diesel engine. By seamlessly integrating data coordination and triangulation, the
algorithm enhances the interpretability and utility of the visualization, fostering
a more insightful understanding of the engine’s operational dynamics.

3.2.3. Implementation of libraries for 3D rendering. The development of the
software for 3D visualization of low-speed marine diesel engine parameters, based
on Delaunay triangulation, employed the versatile Python programming language.
Several key libraries played a crucial role in this implementation. Numpy, a pow-
erful numerical computation library, facilitated the handling of large multidimen-
sional arrays and provided essential mathematical functions [16]. Matplotlib, an
extensive plotting library, served as the backbone for 2D visualizations, offering
static, animated, and interactive graphics capabilities [17]. The mpl_toolkits
library was instrumental in generating 3D graphics using the mplot3d module.
Tkinter, as the standard Python interface to the Tcl/Tk GUI toolkit, ensured
seamless interaction with graphical elements [18]. Pandas, a data manipulation
library, complemented Matplotlib by providing a memory-efficient 2D data table
object known as a Dataframe. The openpyxl library, designed for reading and
writing Excel files, facilitated efficient data analysis and extraction [19].

In terms of methods, the software leveraged various functionalities from
Matplotlib and related modules. The matplotlib.tri module facilitated the
handling of unstructured triangular networks, while fig.add_subplot() was uti-
lized to add axes to the figure [17]. The ax.scatter() method allowed for the
plotting of scatterplots, providing a visual representation of the relationships be-
tween variables [20]. The mtri.Triangulation() method, rooted in trigonom-
etry and elementary geometry, contributed to determining distances using the
geometry of triangles. Additionally, ax.triplot() and ax.plot_trisurf() were
employed to visualize unstructured triangular meshes in 2D and 3D, respectively.
The ax.view_init() method enabled programmatic rotation of the axes, enhanc-
ing the interactive visualization experience. Furthermore, the software utilized
matplotlib.pyplot.get_cmap to define a colormap instance, and fig.colorbar()
added a color bar for improved data interpretation. Finally, ax.set_title,
ax.set_xlabel, and other similar methods were employed to enhance the visual
clarity of the generated plots.

In addition to libraries and methods, the use of arrays, a new data type in
Python, significantly enhanced the efficiency of the software. Utilizing NumPy’s
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Fig. 2. Screenshots of 3D visualization of low-speed diesel engine parameters based on Delaunay
triangulation

array() function, the software created arrays and ordered collections of elements
of the same type, a feature particularly beneficial for handling and analyzing large
datasets within the context of 3D visualization.

Figure 2 summarizes four primary screen interfaces of the deployed 3D visu-
alization software.

4. Conclusion. The article addresses a key concern in the shipping indus-
try in recent years, specifically focusing on the imperative reduction of carbon
emissions into the atmosphere. A pivotal stride in this direction involves the de-
velopment of a 3D visualization utilizing the Delaunay triangulation algorithm.
This visualization effectively illustrates the intricate relationships among specific
fuel consumption, main engine speed, and power. The study leverages data from
tests conducted on six distinct loads using the HYUNDAI 6S60MC-C model.
Through rigorous calculations, mode coefficients were determined, and a func-
tion, be = f(Pe %), was graphed, resulting in the generation of an approximating
curve and correlation. This methodology has culminated in the creation of an
algorithm, forming the basis for a compact 3D visualization software based on De-
launay triangulation. Looking ahead, the program has the potential for expansion,
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accommodating diverse ship types and variations in main engine characteristics
as part of its future development.
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