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Assessment of the technical condition of a marine diesel engine
based on the analysis of the exhaust gases chemical composition

In the article, the concept of technical diagnostics in relation to marine engines was characterized. The compression ignition piston
engine was presented as a diagnostic object. The next part of the article discusses the composition of exhaust gases with particular em-
phasis on compounds harmful to the environment. The available test methods for exhaust composition are also briefly described by
means indication of the engine and exhaust gas analyzer. The reduction of emission of harmful compounds in the exhaust gases is also
described in the article. The main part of the article presents the research object, i.e. the marine diesel engine piston and the exhaust
gases analyzer, as well as tests carried out. The tests were performed for the engine in working order and inefficient condition in order

to compare them with the simulated damages of injection pump and turbocharger. The article was completed conclusions.
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1. Introduction

As a result of the marine engine operation, its elements
wear. Therefore, it is very important to constantly diagnose
it in order to keep the engine in the best possible technical
condition. The construction of the engine and the physico-
chemical processes occurring during the engine operation
process are used during the diagnosis. The most useful
parameters of work processes include, among others, com-
bustion, fuel supply, and air supply. In addition to the pa-
rameters of the work processes, physicochemical parame-
ters such as pressure, temperature, vibrations and exhaust
composition are also important [1].

Examination of the technical condition of the engine be-
long to the group of control tests, which include research
and measurements that enable the assessment of the en-
gine's operation and determination of the wear of its com-
ponents. Therefore, there are many ways to assess the tech-
nical condition of a marine piston engine. One of them is
the analysis of the chemical composition of exhaust gases
presented in this article.

2. Marine diesel engine as a diagnostic object
The marine engine is characterized by a complicated con-
struction, which consists of many functional systems [5, 10].
The quantity and complex structure of these systems
makes the ship engine a special object of technical diagnos-
tics. Each of them has a very large impact on the reliability
of the engine and the safety of people and the ship.

3. Exhaust gas composition in marine diesel
engines

Exhaust gases are created as a result of a complex com-
bustion process with intense heat discharge. In addition,
there is also the emission of harmful compounds along with
other combustion products. Nitrogen oxides (NOy), sulfur
oxides (SOy), hydrocarbons (C,H,,), particulates (PM),
carbon dioxide (CO,), carbon monoxide (CO), aldehydes
(RCHO) are considered to be the basic components of the
exhaust [2].

These compounds can take the gaseous, liquid or solid
form. The composition of the exhaust depends on the tech-
nical condition of the engine, fuel quality and air parame-
ters [6, 7, 9].

4. Diagnosing the technical condition of the marine
diesel engine

4.1. Exhaust gas analyzers
Flue gas analyzers allow for accurate evaluation and
analysis of exhaust fumes. These analyzers must be proper-
ly selected and used in accordance with the control tests.
The exhaust gas analyzers can be distinguished [4, 8]:
— non-dispersive analyzers — mainly used to determine the
content of carbon oxides and carbon dioxide in engines,
— flame-ionization — are used to analyze the concentration
of hydrocarbons,
— chemiluminescence — allows the examination of the
exhaust gas composition in terms of content NOj.
— magnetic — in this case, the oxygen content tests in the
exhaust gas are carried out.

5. Exhaust gas analysis

5.1. Methodology for determining the amount

of air supplied to the fuel

The amount of air supplied to burn fuel is one of the
most important factors affecting the actual course of the
combustion process. The appropriate air content causes the
fuel combustion process is complete. There are no harmful
compounds in the exhaust.

In order to achieve complete and total combustion of
fuel, the air supplied to the cylinder should be in excess.
The theoretical amount of air is not enough due to the lim-
ited time of air flow through the combustion space and
improper fuel grinding.

Excess air is determined by the excess air factor A,
which can be defined as the ratio of the amount of air sup-
plied to the amount theoretically needed to completely burn
fuel [11] and is determined by the equation:

L
A= (1)
where: L — the actual mass of dry air in which the fuel is
burned, L, — theoretical demand for dry air.

The excess air factor A depends on the quality of the
fuel and its fragmentation, the structure of the combustion
space and the method of feeding fuel and air to the combus-
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tion space. It is closely related to total and incomplete com-
bustion. As a result of the low coefficient A, incomplete
combustion of fuel occurs, which causes thermal losses. On
the other hand, too high value of the excess air coefficient
causes incomplete combustion resulting in an increase in
the amount of heat. To determine the air excess coefficient
A, the formula (1) is used, which takes the form for incom-
plete combustion:

_ 21%0,

T 21%0,-Ug,

@

where: Up, — the amount of unburned air (oxygen), (21%
O, — Upy) — amount of air (oxygen) consumed during com-
bustion.

The excess air ratio A is calculated assuming that the
amount of excess air is proportional to the measured pro-
portion of oxygen in the exhaust gas. Under normal condi-
tions, the molar ratio of oxygen in the air is 21%.

In order to analyze the composition of exhaust gases, it
is necessary to use graphs showing the relationships be-
tween components of exhaust gases and illustrating the
excess air ratio, among others Ostwald's chart. If the per-
centage chemical composition of the fuel is known (c%
carbon, h% hydrogen, 0% oxygen, s% sulfur in% nitrogen)
and volume proportions of individual exhaust gas com-
pounds (b% carbon dioxide, t% carbon monoxide, ns%
nitrogen and 0s% oxygen), an equation for the balance of
oxygen contained in the exhaust components and the air
supplied for combustion may be used:

(1+b)B + (0.605 + a)lt+ o, = 21% 3)

where the fuel differentiator is defined by the formula:

h—0.125(0-s)

a=237 “

The equation of the simplified percentage balance of
exhaust gases is expressed by the formula:

b+t+ 0, +ng = 100% (5)

The maximum percentage of carbon monoxide is calcu-
lated from the formula:

21
0.605+a

(6)

tmax =

6. Reduction of emission of harmful compounds
in the exhaust gases

6.1. The primary method
The main feature of the primary method of reducing the
emission of harmful compounds is to prevent the formation
already during combustion in the combustion chamber [3].
This method intervenes in the fuel combustion process
and requires engine design changes.

6.2. The secondary method

This method is based on purification of exhaust gases
after the fuel combustion process. The advantage of these
methods is better efficiency in the reduction of nitrogen
oxides as opposed to primary methods.

One of the best and most effective methods is the meth-
od of selective catalytic reduction (SCR) [3].

7. Research on the laboratory test stand

The engine test stand is located in the laboratory engine
room of the Maritime University of Gdynia. It is a diesel-
electric unit consisting of an internal combustion engine
cooperating with an electric generator. On the test stand it is
possible to make a thermal balance of the engine and load
characteristics. The stand has the UNITEST 201 diagnostic
system, which enables electronic motor indication. It is also
possible to analyze combustion and injection processes with
simulated engine damage. Basic technical data are present-
ed in Table 1.

Table 1. Characteristics of the SULZER 3AL25/30 engine

Engine manufacture Metal Industry Works H. Cegielski
Type 3AL25/20

Current type Variable

Electric voltage 400 V

Current frequency 50 Hz

Rotation speed 750 rev/min

Cylinder diameter 250 mm

Piston stroke 300 mm

Engine power 396 kW

The SULZER 3AL25/20 engine shown in Figure 1 is
a four-stroke self-ignition diesel engine, charged with
a VTR 160 Brown-Boveri turbocharger. The air super-
charging and the lubricating oil are cooled by means of
a water system. The pistons are cooled with lubricating oil.

Fig. 1. SULZER 3AL25/30 engine

The UNITEST 201 diagnostic system is a computer en-
gine monitoring system that is designed for continuous
monitoring of motor and installation parameters.

The measurements were made for the following tech-
nical conditions of the engine:

— engine without damage at loads 50 kW, 120 kW, 200 kW,

— damaged injection pump no. 2 (reduced fuel dose) at
loads 50 kW, 120 kW, 200 kW,

— damaged turbocharger — leakage in the intake system at
loads 50 kW, 120 kW, 200 kW.

During the tests EURODIESEL fuel was used for diesel
engines in accordance with the European PN-EN 590
standard. Fuel properties are shown in Table 2.

Indicator diagrams were made with each engine load
and technical condition (they were not included in this
article), as well as the exhaust gas composition test with the
MRU 95/3CD exhaust gas analyzer was carried out.
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Table 2. EURODIESEL fuel properties

Table 3. The oxygen content in the exhaust gases

8. Exhaust gases analyzer type MRU 95/3CD
The MRU 95/3CD type exhaust gas analyzer, shown in
Fig. 2, is an electrochemical analyzer. It is mainly used in
power plants, brickyards, laboratories, heating plants and in
environments with high dustiness. The analyzer has such
functions as:
— measurement of exhaust gas temperature up to 650°C,
— ambient temperature up to 100°C,
— content: O, in the range of 0-21%, CO in the range of
0-10000 ppm, NO, in the range of 0-4000 ppm and
SO, in the range of 0-2000 ppm.

Fig. 2. Exhaust gases analyzer type MRU 95/3CD

9. Principle of operation and description of the
procedure for starting the exhaust gas analyzer
The MRU 92/3CD analyzer was used for testing emis-

sions of toxic compounds in exhaust gases. The principle of

operation of the flue gas analyzer consists in generating
electricity as a result of chemical reactions of the gas with
the electrolyte. The gas is introduced into the electrolyte
through a diffusion membrane. After completing the gas
reaction with the electrolyte, the generated current is trans-
ferred to two separate electrodes included in two electro-
chemical sensors. The material type of electrodes, electro-

Iyte and membranes depends on the type of gas detected by

the sensor. Measurement results can be sent to a computer

or printed in a built-in printer.

The analyzer used during measurements consists of two
suitcases (gas preparation system and analyzer), enabling
its transport and probes together with gas sampling lines.
Before starting the tests, the calibration of the measuring
device should be performed, consisting in examining the air
composition in the laboratory.

10. Test results

10.1. Oxygen content in the exhaust gases

The oxygen content in the exhaust depends on the en-
gine load (Table 3). The higher load causes the amount of
oxygen in the exhaust gas decreases for operational state
and simulated damage, where for a good condition falls
from 15% to 12.5%.

No. | Parameters Value Unit Oxygen (O,)
1. | Density in temp. 15°C 0.8287 g/em’ Engine load 50 kW 120 kW 200 kW
2. | Kinematic viscosity in temp. 40°C 2.789 mm’/s Engine without damage 15% 13.7% 12.5%
3. | Cetane number 51.0 - Damaged injection o o o
4. | Solid impurities content 6 mg/kg pump No 2 15:4% 13.9% 12.3%
5. | Polycyclic aromatic hydrocarbons 0.5 %(m/m) Air outlet in the 15.3% 13.3% 11.5%
6. | Content of fatty acid esters 7.0 %(V/IV) turbocharger ) ) )
7. | Calorific value of fuel 42657 kJ/kg
8. | Density of fuel 828.7 kg/m’ For the damaged injection pump and turbocharger the

amount of oxygen in the exhaust gas is higher compared to
the normal state, but then also decreases respectively from
15.4% to 12.3% and from 15.3% to 11.5%.
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Fig. 3. The influence of the engine load on the oxygen O, [%] content
indicated by the analyzer for various engine states

Figure 3 shows that the highest oxygen consumption
occurs in the simulation of a damaged injection pump. The
decreasing amount of oxygen is related to fuel consump-
tion, which is lower for simulated malfunctions, for 50 kW
and 120 kW, while for the largest load, i.e. 220 kW, the fuel
consumption is at a similar level (Fig. 4).
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Fig. 4. Fuel consumption by a marine engine for three loads in different
engine states

In addition, the composition of the fuel and air mixture
affects the combustion process and the products of the
combustion process. Depending on the conditions in which
combustion takes place, complete and total combustion, in-
complete and non-total combustion occur. Typically, due to
imperfect combustion conditions, which will also occur in
the event of engine damage, the products contain flamma-
ble substances, i.e. flammable gases in the case of in-
complete combustion and solid combustible components in
the case of non-total combustion [2, 3]. The essential toxic
components of exhaust gases include: carbon monoxide
(CO), unburnt hydrocarbons (HC ) and nitrogen oxides
(NO,). In addition, PM particulate matter are also formed,
mainly in self-ignition engines [4].
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10.2. The carbon monoxide content in the exhaust gases
The content of carbon monoxide (CO) in the exhaust

gas tends to increase with increasing load and for the nor-

mal state increases from 651 ppm to 1471 ppm (Table 4).

Table 4. The carbon monoxide content in the exhaust gases

Carbon monoxide (CO)
Engine load 50 kW 120 kW 200 kW
Engine without damage 651 ppm 967 ppm 1471 ppm
Damaged injection pump 773 ppm 1038 ppm 1653 ppm
No 2
Air outlet in the
turbocharger 753 ppm 1137 ppm 2108 ppm

According to what was written above, the state of disa-
bility is conducive to the formation of incomplete combus-
tion components, which include carbon monoxide. For
example, for a damaged injection pump, the amount of
carbon monoxide was more than 200 ppm higher than for
a normal state at the same load.
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Fig. 5. The influence of engine load on the carbon monoxide CO [ppm]
content indicated by the analyzer for various engine states

However, for the damaged turbocharger the increase in
carbon monoxides was almost threefold (Fig. 5). Such re-
sults clearly indicate the occurrence of damage to engine
components.

10.3. The nitrogen oxides content in the exhaust gases

As in previous cases, the increase of nitrogen oxides
(NOy) in the exhaust gases is caused by the increase in
engine load (Table 5) and additionally by the higher and
higher exhaust gases temperature.
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Fig. 6. Engine exhaust temperature 3AL25/30

The graph presented in Figure 7 shows that a larger im-
pact on the growth of nitrogen oxides has a damaged turbo-
charger than an injection pump, i.e. similar to an increase in
the exhaust gas temperature.

1400 - —
@ — 1200 17 ®normal
[} p .
= E- 1000 ¥ operation
X< o ~
© — 3800 {~
e | mdamaged
g9 ., o
w2 injection pump
S - No. 2
s = 400 7
c 2 L W damaged
v s 200 T turbocharger
F S o + ’

50 kw 120kwW 220kW
Engine load

Fig. 7. The influence of engine load on the content of nitrogen oxides NOy
[ppm] indicated by the analyzer for various engine states

Engine failure conditions also affect the increase of ni-
trogen oxides and for example at 200 kW, the content of
this compound increased from 1201 ppm to 1271 ppm for a
damaged pump and up to 1362 ppm for turbocharger mal-
functions.

10.4. The carbon dioxide content in the exhaust gases

As for the content of carbon dioxide in the exhaust, it also
increases depending on the load increase, but compared to
other states, there are no such differences (Table 6).

Table 6. The carbon dioxide content in the exhaust gases

Carbon dioxide (CO,)
Table 5. The nitrogen oxides content in the exhaust gases Engine load 50 kW 120 kW 200 kW
Nitrogen oxides (NO,) Engine without 4.3% 5.3% 6.2%

Engine load 50 kW 120 kW 200 kW damage o = -
Engine W1Fhf)ut .damage 700 ppm 1130 ppm 1201 ppm Ej;n;ﬁg ;n] ection 4% 5.1% 6.3%
le‘gaieg ;“1““0“ 820 ppm | 1179 ppm 1271 ppm F

ir outlet in the
turbocharger 842 ppm 1289 ppm 1362 ppm

The increase in temperature is influenced by both the
increasing load and the states of engine failure. In addition,
it can be seen (Fig. 6) that damage to the turbocharger has a
greater influence on the increase of this temperature than
the faulty injection pump.

These similar values may be due to the fact that there is
a greater increase in carbon monoxide as a result of incom-
plete combustion. On the other hand, imperfect combustion
conditions affect the level of carbon dioxide, which has not

been created as much as in the case of complete combustion
(Fig. 8).
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Fig. 8. The influence of engine load on the content of carbon dioxide CO,
[%] indicated by the analyzer for various engine states

11. Conlusions

The aim of the research was to assess the technical con-
dition of the 3AL25/30 marine engine based on the analysis
of the exhaust gases chemical composition. After analyzing
the obtained results, it can be concluded that after using
simulated malfunctions of the 3AL 25/30 engine, we get
different results, which indicate the inefficiency of the
combustion engine operation. It follows that the analysis of
the exhaust gas composition can be used to assess the tech-
nical condition of the engine. The content of each of the
compounds contained in the exhaust gases clearly differed

in the states of disability in comparison to the normal state,
i.e. there was a noticeable increase in the proportion of
particles in the exhaust gases depending on the engine fail-
ure and load. The composition of the exhaust gases is af-
fected by the pressure and temperature in the combustion
chamber, and thus the engine load.

The flue gas analyzer also has the option of measuring
the sulfur dioxide content. However, due to the fact that the
marine engine was powered by marine diesel oil (MDO),
which does not contain sulfur in the chemical composition,
no readings of this compound were made.

The obtained results allow to evaluate this state, never-
theless marine engine diagnostics based on analysis of the
composition of the exhaust gases during operation of the
vessel is rarely used. In order to have a full spectrum of the
technical condition of the engine, it is necessary to compare
these results with fuel consumption, exhaust gas tempera-
ture, as well as with engine indicator diagrams made simul-
taneously with the exhaust composition measurements.
Such graphs were made during the research, but they were
not included in the article.

Nomenclature

C,H,, hydrocarbons (0)) oxygen

CO  carbon monoxide PM particulate matter

CO,, carbon dioxide RCHO aldehydes

DO  diesel oil SCR  selective catalytic reduction
NO, nitrogen oxides SOy sulphur oxides
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