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ARTICLE INFO

Most marine vessels are powered by diesel engines. Unfortunately, fuel combustion releases harmful toxic

compounds into the atmosphere. The International Maritime Organization (IMO) regulates these emissions,
making their reduction essential for engineers and scientists. The fuel combustion process in a marine diesel
engine's cylinder precedes the fuel spray injection and atomization. Fuel spray's flow fluctuations and vortex
structures significantly impact the combustion. This paper presents research using the Mie Scattering optical
technique to analyze snapshot sequences of spray patterns recorded with a high-speed camera. These snapshots
are the results of experimental research on atomized fuel sprays with a marine diesel engine injector within a
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constant volume chamber. The influence of different chamber backpressures on the fuel spray is studied. The
Proper Orthogonal Decomposition (POD) method is promising for quantitatively analyzing spray structures and
flow characteristics. This research demonstrates how different chamber conditions affect the decay of the POD
singular values, which typically indicate flow characteristics like coherence and fluctuations.
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1. Introduction

Maritime shipping is one of the most important
transport sectors utilized in international trade for the trans-
portation of goods, with most sea vessels traveling between
continents. Marine vessels primarily use diesel engines for
main and auxiliary propulsion. These marine diesel engines
commonly burn heavy fuel oil (HFO) and marine diesel oil
(MDO). Combustion of these fuels produces exhaust gases
containing nitrogen oxides (NO,), sulfur oxides (SOy),
carbon monoxide (CO), and particulate matter, significantly
contributing to air pollution in marine environments [8, 19].
According to the International Maritime Organization
(IMO), shipping emissions accounted for around 3% of
global emissions in 2018 [9]. Despite ongoing development
and introduction of alternative propulsion technologies and
fuels, diesel engines continue to be the predominant equip-
ment in vessel power plants. Diesel engines dominate mari-
time transport due to their reliability and established infra-
structure, indicating that the shift to alternatives will be
gradual. It becomes reasonable for engineers and scientists
to work on improving the quality of fuel combustion in
marine diesel engines. According to Deng [3], emission
reduction strategies for diesel engines can be categorized
into fuel optimization, pre-combustion control technologies,
and exhaust after-treatment systems. The combustion pro-
cess in marine diesel engine cylinders is characterized by
dynamic, interdependent phenomena, with fuel atomization
quality playing a critical role. Factors influencing fuel at-
omization include fuel injection pressure [4, 10, 17], fuel
properties [16], and fuel injector nozzle geometry [22].
Furthermore, in [21], the authors show that the exhaust gas
composition strongly depends on the opening pressure of
the fuel injector.

When fuel is injected into the combustion chamber un-
der high injection pressure, it is atomized, rapidly evapo-
rates, and mixes with compressed air. The first stage of fuel

jet breakup is called the primary breakup. This stage of fuel
spray breakup is very important, as it determines the initial
size and distribution of the resulting droplets, which direct-
ly affect the efficiency of atomization and subsequent atom-
ization processes.

In the second stage, the disintegration of the fuel jet oc-
curs under the influence of aerodynamic forces from the
surrounding medium. Droplets formed by separation from
the liquid core subsequently undergo secondary disintegra-
tion. In this context, assessing the quality of fuel atomiza-
tion in internal combustion engines with direct cylinder fuel
injection is crucial to achieving optimal combustion, energy
efficiency, and low exhaust emissions [15]. Atomization
quality is assessed based on the spray pattern and droplet
distribution. It is not possible to directly measure the fuel
atomization process inside the cylinder during engine oper-
ation. Therefore, specialized experimental setups equipped
with constant volume chambers are typically used to inves-
tigate the fuel atomization process [6, 7, 23]. Fuel injection
and atomization are rapidly changing phenomena. Optical
imaging provides dynamic insights into the structural evo-
lution of fuel sprays over time, necessitating sophisticated
image processing techniques that accurately preserve struc-
tural characteristics [18]. It should also be noted that meas-
uring droplet diameters in diesel sprays poses a challenge
due to the small droplet size and high optical density, which
significantly limit the range of techniques available for
characterizing spray microstructure [13].

In this study, we explore the application of Proper Or-
thogonal Decomposition (POD) as an effective method for
analyzing and quantifying the fuel atomization processes.

The POD method has been applied across various fields,
including signal analysis, data compression, and image
processing. In the context of fluid mechanics, POD was
first introduced by Lumley [14] and was primarily used to
describe turbulent flows quantitatively [1]. POD also finds
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application in Computational Fluid Dynamics (CFD), par-
ticularly for dimensionality reduction [5]. This technique
has become a popular and effective analysis tool in engine
research. It has been successfully used to identify turbulent
flows and fluctuations generated by the intake port of
a direct injection spark ignition engine [11]. In [2], the
authors demonstrated that POD can be applied to identify
and quantify cyclic variations in intake air motion and spray
structure under running engine conditions. Additionally,
Weiss [20] offers a practical and intuitive tutorial on the
POD method for fluid mechanics engineers, including
MATLAB code examples.

This paper aims to present the application of the POD
method for the preliminary analysis of the fuel injection
processes inside the cylinder of a marine diesel engine. To
this end, experimental results of fuel spray characteristics
obtained in a constant volume chamber using a marine
diesel engine injector were utilized. Integrating POD with
high-speed imaging allows for decomposing complex spray
behavior into low-order coherent modes and higher-order
dynamics, which represent time—varying fuel flow struc-
tures and spray characteristics. In this work, the POD meth-
od was used for the preliminary assessment of the effect of
changes in backpressure in a constant volume chamber on
the characteristics of the fuel spray, in particular, turbulent
flows and fluctuations. Through this approach, we aim to
contribute to a better understanding of the fuel-air mixing
and atomization process in application to design more effi-
cient and cleaner marine combustion systems.

2. Experimental setup

This article presents laboratory research [6, 7]. The se-
lected parameters are consistent with those typically ob-
served in marine diesel engines. The fuel injector used in
this research is part of the Sulzer Al 25/30 marine diesel
engine injection system. The fuel injector system operated
on the basis of a common-rail configuration. Therefore, the
high-pressure fuel system (UPS — Unit Pump System)
maintained a constant pressure of approximately 50 MPa.
Only one hole diameter of the fuel injector was active, and
the others were plugged. The nozzle diameter was 0.285
mm, and the L/D coefficient was practically 10.9, where L
is the hole length and D is the hole diameter. The presented
experimental tests were carried out at ambient temperature,
and the fuel injection time was 0.04 s. Diesel fuel with
a density of 816.1 kg/m? at 40°C was used in this research.
One of the main elements of the experimental setup was the
constant volume chamber, presented in Fig. 1.

The constant volume chamber was equipped with access
windows measuring 100 mm in diameter and was filled
with inert gas nitrogen. Backpressures of 3.2 MPa and 4.3
MPa in the constant volume chamber were considered.
These backpressures correspond to the cylinder pressures in
the marine diesel engine Sulzer 3 Al 25/30 at the start of
injection, 18° before top dead center, operating under low
and high load conditions. The conditions of experimental
research were presented in Table 1.

The mechanical injector was calibrated to fuel opening
pressures of 15 MPa and 25 MPa, respectively, using
a spring needle adjustment. The fuel pressure before the
injector was measured with a piezoresistive pressure sensor,

Kistler type 4067E [12]. The process of fuel injection into
the constant volume chamber was visualized using the
optical Mie scattering method with a high-speed Photron
SA 1.1 camera, operating at a recording frequency of 15
kHz. The laboratory experimental setup is presented in Fig.
2. The Mie scattering optical technique requires appropriate
lighting. Therefore, two halogen lamps of 500 W each were
used to illuminate the fuel injection into the constant vol-
ume chamber.

Fig. 1. The constant volume chamber

Table 1. Conditions of experimental research

Parameter Value Unit
Injector opening pressure 15,25 MPa
Backpressure 32,43 MPa
Injector opening time 0.04 S
Nozzle diameter 0.285 mm
L/D 10.9 -
Shape of the hole cylindrical -
Test temperature 293-298 K
Diesel oil properties

Density (at 40°C) 816.1 kg/m?
Viscosity 2.35 mPas

Fig. 2. The experimental set-up: 1 — marine diesel engine fuel injector, 2 —
constant volume chamber, 3 — high—speed camera Photron 1.1, 4 — halo-
gen lamps, 5 — fuel pressure sensor [6]

To assess the repeatability of the experiment, tests were
conducted three times under each chamber condition. Fur-
ther in the text, these tests are referred to as runs 1-3. The
process of fuel injection into a constant volume chamber
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was recorded from the beginning to the complete develop-
ment of the spray. As a result, a series of photographs was
obtained for each measurement, of which 180 images were
selected for analysis. Fig. 3 presents example spray images.

Fig. 3. Example images of fuel spray at an injector opening pressure of 25
MPa and a backpressure 3.2 MPa; time after start of fuel injection: a. 0.9
ms, b. 1.4 ms, ¢.1.9 ms, d. 2.4 ms

3. Data processing

To analyze the dynamic characteristics of the fuel spray,
we used the POD method. POD is a technique to extract the
dominant patterns from dynamically changing data, such as
a sequence of spray images. It decomposes the data into
spatial modes and associated time coefficients, ordered
according to the most energetic structures. In this section,
we explain all the steps needed to perform POD.
e Step 1: Preprocessing

For preprocessing, we first converted all images to
grayscale. Then, we normalized the data within each test to
eliminate differences in exposure and illumination between
snapshots. Next, we ensured that the spray appeared in the
same location across all snapshots and that the injection
start time was consistent for all cases. This resulted in 180
snapshots per fuel spray test. Given the camera sampling
rate of 15 kHz, this corresponded to 12 ms of analyzed
time. The analyzed image dimensions of 464 x 710 pixels.
e Step 2: Data centering

In this step, we first calculate the mean field by averag-
ing all the snapshots across the same test. Next, the mean

field was subtracted from each snapshot, resulting in a
centered dataset.

X' =X-X 1)

By performing this step, we ensure that POD will cap-
ture only the meaningful dynamics structure of the fuel
spray. Further, in the POD decomposition, the average
spray pattern X represents the steady-state structure and
will be referred to as the zero-th mode.

e Step 3: Data organization

Additionally, we conducted image vectorization, where
each 2D snapshot was transformed into a 1D vector. These
vectors were then organized as columns in a data matrix
X'eR™ M where m represents the number of pixels per
image and n denotes the number of snapshots. In this case,
it was m = 329440 and n = 180.

Step 1 Preprocessing

Grayscale conversion
Normalization

Exact location of spray

Exact starting time of injection

N

Grayscale converison from Step 1
(left —befor, right — after)

N,

Step 2 Data centering

Mean field computation
Subtracting mean fields from all snapshots

Data centering with mean field from Step 2
(left — befor, right — after)

Step 3 Data organization

Image vectorization
Data matrix construction

Step 4 SVD

Data matrix Singular Value Decomposition

Fig. 4. Flowchart of the main steps to perform POD on a sequence of
image data
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e Step 4: Singular Value Decomposition (SVD)
The centered data matrix X' undergoes the Singular
Value Decomposition (SVD):

X' = UzvT @)

As a result of such data decomposition, we obtain
U e R™™ — a matrix that contains the spatial modes,
Y € R™™ — a diagonal matrix with singular values o; repre-
senting each mode's energy, and V. € R™™ — contains tem-
poral coefficients showing how each mode evolves in time.

As a summary, in Fig. 4 we present a flowchart of all
the steps needed to perform POD on a sequence of image
data.

4. Result analysis

4.1. Singular value analysis

In this section, we present an analysis based on the POD
decomposition of a sequence of snapshots — including the
singular values, spatial modes, and temporal coefficients —
and explain the physical interpretation of the results.

A flowchart of the possible POD analysis for spray in-
jection dynamics, taking into account the singular values,
spatial modes, and temporal coefficients, is presented in
Fig. 5.

Singular Value Analysis

¢ |s the decay of singular values slow or rapid?

* What is the energy contribution of each
mode?

Spatial Mode Analysis

* What is the symmetry of the mode shape?

* What is the intensity at the center?

¢ Is the mode localized upstream or
downstream?

* Are the edges highlighted?

* How many times does the mode change sign?

Temporal Coefficient Analysis

¢ Is it oscillatory?
e |Is it random?
* Are there any sudden events or spikes?

Fig. 5. Flowchart of the POD analysis

As a result of the POD decomposition on spray snap-
shots, we first present the singular values o; from the X
matrices for each test run. The experimental trials that were
conducted under the same pressure conditions are marked
with the same color. In Fig. 6, the first ten singular values
are presented for all experimental trials.

A rapid decay in singular values suggests that the sys-
tem is dominated by a few coherent modes, which is typical
in structured fluid flows. In contrast, a slow decay indicates
the presence of many contributing modes and points to

more complex or potentially turbulent dynamics. Further, in
Fig. 7, the first 30 singular values are presented in a loga-
rithmic scale for improved visibility. The close agreement
between the singular value spectra across runs within the
same pressure conditions demonstrates the reliability of the
experimental setup and robust reproducibility of the flow

structures captured by the POD method.

® 15MPa/3.2MPa/run1 25 MPa /3.2 MPa/run 3
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Fig. 6. Singular values, the first 10 modes for each spray run
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Fig. 7. Singular values, the first 30 modes for each spray run

Each singular value squared o? represents the energy
variance captured by the i-th mode. Then, the total energy
in POD is defined as the sum of the singular values squared
from all modes, i.e.,

Etotal = Xi=1 012 3)

170

COMBUSTION ENGINES, 2026;204(1)



Proper orthogonal decomposition analysis of an atomized fuel spray of marine diesel engine

As a physical interpretation, the total energy corre-
sponds to the overall variability in the spray over time, i.e.,
how much the spray pattern changes over time across all
snapshots. In general, a higher value of energy corresponds
to more dynamics. In Table 2, we show the total energy for
all pressure conditions. The close agreement between the
energy distributions across runs demonstrates the reliability
of the experimental setup and the consistency of the POD
decomposition interpretation.

From the moment fuel is injected into the combustion
chamber, the jet begins to break up into droplets. The geo-
metric parameters of the injector, such as orifice diameter,
length-to-diameter ratio (L/D), and the pressure difference
between the injection pressure and chamber pressure, sig-
nificantly influence the primary breakup. As the fuel jet
propagates further into the chamber, it undergoes secondary
breakup. This secondary disintegration is driven by aerody-
namic drag forces resulting from the chamber’s backpres-
sure. Based on Table 2, it was found that increasing the
backpressure of gases in the constant volume chamber from
3.2 MPa to 4.3 MPa results in higher energy values, which
in turn leads to enhanced spray dynamics caused by more
intensive break-up of fuel spray.

Table 2. Total energy from POD decomposition

& 15MPa/3.2MPa/run1 25MPa/3.2MPa/run 3

e 15MPa/3.2MPa/run2 e 25MPa/4.3MPa/run1 |

& 15MPa/3.2MPa/run3 ® 25MPa/43MPa/run2 |

16 MPa/ 4.3 MPa/run 1 ® 25MPa/4.3MPa/run3
' 15MPa /4 3MPa/ run2

o100 ! 15MPa /43 MPa/ run 3

25MPa/3.2MPa/run 1

1 25MPa/3.2MPa/ run2

Energy contribution

0.001 e
. | I T L N
10 12 14 16 18 20 22 24 26 28 30

POD mode number i

Fig. 8. Energy contribution of the first 30 modes for each spray injection
run

Table 3. Energy contribution from the first mode (E1), the first two modes
(E1-E2), and the first five modes (E1-E5) for each spray injection run

Conditions Total energy from POD Energy E1[%] E1-E2 [%] E1-ES [%]
- contribution
Opening Back-pressure run 1 run 2 run 3
pressure [MPa] [MPa] Conditions run run run

15 3.2 539067 604844 636939 Opening | Back- 1 2 3 1 2 3 1 2 3

15 4.3 658921 735052 680911 pressure pressure

25 3.2 796846 | 899307 | 922222 [MPa] [MPa]
15 3.2 69 [ 66 | 69 | 81 [ 81 | 83 | 90 [ 90 | 91

25 43 1054458 | 1013955 | 1064898 5 43 68 165 |66 80 [ 8L [ 80 |90 [ o1 [ 90
25 3.2 55 | 54 [ 71 | 81 | 81 | 8 |9 [91 | 9
25 4.3 72 | 69 | 72 | 83 | 80 | 83 | 90 | 90 | 92

Next, we analyze the relative energy contribution of

each mode, defined as:
of
Ej= T, 4)

In Fig. 8, we present the relative energy contribution of
each spray injection run on a logarithmic scale. For all
experimental runs, the energy contribution of mode 3 is
below 10%, mode 8 is below 1%, and mode 30 is below
0.1%.

Further, in Table 3, we present the energy contributions
of the first mode (E1), the first two modes (E1-E2), and the
first five modes (E1-E5). The first mode captures approxi-
mately 70% of the total dynamics in most cases, indicating
that the spray is coherent, though not entirely uniform. An
exception is observed in two runs conducted under an open-
ing pressure of 15 MPa and a backpressure of 3.2 MPa in
the constant volume chamber, where the first mode captures
only 55% of the energy. This suggests noticeable secondary
dynamics — likely related to the onset of atomization and
turbulence. The first two modes account for about 80-83%
of the total dynamics, while the first five modes capture
approximately 90-92% across all experimental spray runs.
These results suggest organized, low-dimensional coherent
behaviour, although minor contributions from atomisation
or turbulence are still possible.

The energy contribution alone is not a sufficient indica-
tor for fully characterizing our experimental setup and
spray pressure conditions. Therefore, we proceed with ana-
lyzing POD spatial modes and temporal coefficients.

4.2. Spatial modes analysis

The spatial modes from the U matrix obtained from the
POD analysis are a valuable source of information about
the spray structure. Shadow images of the spatial modes,
calculated for run 1 of each experimental setup, are pre-
sented in Fig. 9 and Fig. 10 for opening pressures of 15
MPa and 25 MPa, respectively. Selected modes are shown
for backpressures of 3.2 MPa and 4.3 MPa.

In POD analysis, Mode 0 represents the overall geomet-
ric shape of the fuel spray, resulting from preprocessing
data centering, while Mode 1 corresponds to the dominant
structure, such as the cone shape. The number of times
a spatial mode changes sign (observed as a black-to-white
color transition in Fig. 9 and Fig. 10) can provide infor-
mation for distinguishing between coherent dynamics and
high-frequency structures, such as those associated with
atomization.

Lower-order POD spatial modes represent the spray's
core and primary breakup structures. The backpressure of
gases in the constant-volume chamber directly influences
the shape of the diesel fuel spray and its atomization. The
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intensity at the center of the spatial mode provides insight
into the spray's core dynamics. Furthermore, the symmetry
of the mode shapes, as seen in Fig. 9 and Fig. 10, indicates
that the spray fluctuates in a balanced way on both sides of
the spray axis.

Higher-order POD spatial modes can represent droplet
behavior, turbulence, and noise. The disintegration of the
diesel fuel spray depends on instabilities caused by aerody-
namic drag forces. Due to the impact of aerodynamic forces
exerted by the gas, the spray surface is subject to violent
disturbances, particularly in the outer regions. The edges
highlighted in the spatial modes, as seen in Fig. 9 and Fig.
10, suggest that the spray boundary is dynamically active.
In these regions, intense secondary breakup occurs, forming
cloud-like structures composed of dispersed droplets. Sim-
ultaneously, an increase in the cone angle of the fuel spray
is observed.

Mode 0

Mode 1

Mode 2

Mode 3

Mode 4

Mode 5

Mode 10

Mode 20

Mode 50

Fig. 9. Spatial mode shapes for opening pressure: 15 MPa with backpres-
sures of 3.2 MPa (left) and 4.3 MPa (right)

Furthermore, if a mode is localized upstream, it may in-
dicate nozzle fluctuations in higher-order modes or injec-
tion irregularities in lower-order modes. On the other hand,
if the mode is localized downstream, it may point to droplet
cloud dispersion or final breakup events.

The interpretation of spatial modes very much depends
on the resolution of the snapshots and the physical distance
represented by each image pixel. An overall interpretation
for mode shapes is given in Table 4.

Table 4. Spatial modes interpretation

Modes Interpretation
Mode 0 The mean through all snapshots, i.e., the baseline
structure
Mode 1 Represents the dominant structure, like the cone
shape
Lower Modes | Represent spray core and primary breakups
Higher Modes | Represent turbulence, droplet behavior, or noise

Mode 0

Mode 1

Mode 2

Mode 3

Mode 4

Mode 5

Mode 10

Mode 20

Mode 50

Fig. 10. Spatial mode shapes for opening pressure: 25 MPa with backpres-
sures of 3.2 MPa (left) and 4.3 MPa (right)

4.3. Temporal coefficients analysis

For a better understanding of the dynamic behavior of
the spray, we also analyze the temporal coefficients ob-
tained from POD. By temporal coefficients analysis, it is
possible to determine if the spray shows oscillatory behav-
ior, random fluctuations, or other sudden transient events.

Temporal coefficients, calculated from run 1 of each
experimental setup, for selected modes are shown in Fig. 11
and Fig. 12 for opening pressures of 15 MPa and 25 MPa,
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respectively. These coefficients indicate the contribution of
each spatial mode over time and reflect the underlying flow
dynamics. Analysis of higher-order modes confirms the
presence of complex oscillatory and transient behaviors,
which are characteristic of turbulent atomization, droplet
interactions, and breakup phenomena.

Additionally, spectral analysis of the temporal signals
could be applied to identify dominant frequencies, offering
a more quantitative measure of spray behavior.

5. Conclusions

In this work, we demonstrated the applicability of the
POD method for analyzing the fuel spray atomization pro-
cess. By decomposing the complex spray dynamics into
spatial modes and temporal coefficients, we characterized
the dominant structures and their evolution over time.
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Fig. 11. Temporal POD coefficients for an opening pressure of 15 MPa
and backpressures of 3.2 MPa (left) and 4.3 MPa (right)
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The consistency of the POD results across repeated tests
under the same operating conditions confirms the reliability
of the experimental setup and POD methodology. The anal-
ysis of singular values showed that the fuel spray is largely
governed by a few dominant modes, with the first mode
capturing approximately 70% of the total energy under
most experimental conditions. Increased backpressure in
the constant volume chamber was shown to enhance spray
dynamics by increasing the energy associated with second-
ary breakup and turbulent dispersion. The POD spatial
modes provided valuable information about the effects of
nozzle fluctuations, core dynamics, and droplet dispersion
at different stages of spray development. The temporal
coefficient analysis confirmed the presence of oscillatory
and transient behaviors, representing complex atomization
processes. It should be emphasized that the test results and
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their analysis are valid only for the specific fuel injection
parameters presented in this work and for the Mie scattering
measurement method. The POD method can be used to
analyze droplets in a fuel spray in terms of the general
structures (modes) present. Therefore, information about
which structures dominate the fuel atomization and air
mixing process, depending on the injection parameters, can
be utilized in the design phase of marine fuel injection
systems.

This work's findings suggest that POD can be a power-
ful tool for optimizing the fuel atomization process in ma-
rine diesel engine injectors, supporting future efforts to

design more efficient and cleaner combustion systems. It
should be noted, however, that the possibility of analyzing
the results of fuel spray and spray dynamics tests using
POD depends on the specific optical measurement method
employed.

Acknowledgments

The authors gratefully acknowledge Prof. Jerzy Kow-
alski for his support and collaboration, and Dr. Piotr Jawor-
ski for his technical assistance during the experimental
investigations.

Nomenclature

Cl compression ignition

CNG compressed natural gas

DI direct injection

LPG liquified petroleum gas

POD proper orthogonal decomposition
Si spark ignition

SVD singular value decomposition
§) spatial mode matrix

oj singular value for i-th mode
z singular values matrix

\ temporal coefficient matrix
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