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ABSTRACT

Presented paper shows the results of the laboratory tests on the relationship between throttling of both air intake duct 
and exhaust gas duct and a gaseous emission from the marine engine. The object of research is a laboratory, four-stroke, 
DI diesel engine, operated at loads from 50 kW to 250 kW at a constant speed equal to 750 rpm. During the laboratory 
tests over 50 parameters of the engine were measured with its technical condition recognized as a „working properly” 
and with simulated leakage of both air intake valve and exhaust gas valve on the second cylinder. The results of this 
laboratory research confirm that the leakage of cylinder valves causes no significant changes of the thermodynamic 
parameters of the engine. Simulated leakages through the inlet and exhaust valve caused a significant increase in fuel 
consumption of the engine. Valve leakages cause an increase of the exhaust gas temperature behind the cylinder with 
leakage and behind other cylinders. The exhaust gas temperature increase is relatively small and clearly visible only at 
low loads of the engine. The increase of the temperature and pressure of the charging air behind the intercooler were 
observed too. Charging air temperature is significantly higher during the engine operation with inlet valve leakage. 
The study results show significant increases of the CO, NOx and CO2 emission for all the mentioned malfunctions. The 
conclusion is that the results of measurements of the composition of the exhaust gas may contain valuable diagnostic 
information about the technical condition of the air intake duct and the exhaust gas duct of the marine engine.
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INTRODUCTION

In classic technical solution of a ship engine room a few 
diesel engines are installed. One or more engines are installed 
as a main propulsion. Usually there are low-speed, two-
stroke diesel engines operating with fixed pitch propeller 
[1], or medium - speed, 4-stroke diesel engines operating 
at a constant speed with variable pitch propeller. Moreover, 
there are two or more power generators and one emergency 
power generator in the ship engine room. The power generator 
usually contains medium-speed, 4-stroke diesel engine 
operating at a constant speed.

One of the crucial tasks of the ship’s crew is keeping 
marine engines in proper technical condition. This task is 
especially important for the ship safety, but also because of 
reduction of the operating costs and of the negative impacts 
on the marine environment. The ship’s crew cannot allow 
the main propulsion engine to emergency stop in case of 
unfavorable weather conditions. It should also be noted that 
the engine with nominal power equal to 10 MW consumes 
about 2 tons of fuel, emitting large quantities of toxic 
compounds into the atmosphere. Each engine failure causes 
an increase of fuel consumption and of toxic compounds 
emissions. For the reasons the ship’s crew controls technical 

parameters of engines and tries to predict their condition. 
Due to the specification of the onboard operation, ship 
engines maintenance must be planned well ahead. The main 
propulsion engine stop for the maintenance can be made only 
under certain conditions. For example, according to ISGOTT 
regulation [2], an oil tanker staying at marine terminal must 
be prepared to an immediate departure in case of danger from 
land (e. g. fire, terrorist attack). Planned engines maintenance 
must also consider the supply of spare parts.

For these reasons the correct operation of main propulsion 
engine boils down to the continuous diagnostics of engine 
technical condition. Standard approach to the diagnosis of 
the technical elements of engine cylinders and therefore the 
combustion process is the observation of the exhaust gas 
temperature behind individual cylinders of the engine and 
observation of the turbocharger operating parameters. In 
cases of significant temperature variations between cylinders 
or exceeding the threshold values (which is usually only 
during significant failures and/or the engine operating at 
the load close to the nominal) additional measurements of 
the cylinder combustion pressure are made. This method 
is ineffective. Even small changes of the engine operating 
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parameters can lead to a significant increase of emission 
levels and the fuel consumption. It should be remembered 
that the analysis of the combustion pressure in marine engine 
cylinders is considerably impeded. In the presented case the 
determination of the crankshaft angular position, based on 
compression pressure characteristics in engine cylinder is 
usually impossible. The reason of this is the ignition of the 
fuel before the TDC (Top Dead Centre) engine crankshaft 
position. According to the research results presented in [3], 
TDC determination error of one degree of crank angular 
position leads on average to 7 - 10 % error of mean in-cylinder 
pressure. The distance between the cylinder chamber and 
the place of installation of combustion pressure sensor is 
also a problem. According to the research results presented 
in [4], this distance can result in the displacement of the 
characteristics of combustion pressure in the cylinder of up 
to 6 - 7 degrees of the angular position of the crankshaft. 
The presented conditions cause the quality and quantity of 
diagnostic signals to limit significantly during the onboard 
operation, which in consequence leads to a significant increase 
of the engine maintenance costs. 

International Maritime Organization introduced  
a legislation imposing on the ship owners to control and 
reduce nitric oxides emission from the engines with a nominal 
power over 130kW [5] installed onboard after 2001. These 
regulations, among others, allow to measure toxic compounds 
emissions. This provides an opportunity to obtain additional 
information about the engine condition. The author believes 
that the composition of the exhaust gases can bring diagnostic 
signals of the engine condition during onboard operation.

Construction of diesel engines with mechanically 
controlled fuel systems were intensively studied in 20th 
century. Unfortunately, most publications were focused on 
the aspects related to improving the energy efficiency. Less 
attention was paid to reduction of the toxic compounds 
emission. Only a few new experimental works focusing on 
the emission characteristics of marine diesel engines are 
available.

Sarvi et al. [6], [7], [8] present emission characteristics 
of a large medium-speed diesel engine with parameters 
similar to those of marine engines. Desantes et al. [9], [10] 
show influence of fuel injection characteristics on emission 
characteristics and parameters of combustion in one cylinder 
engine. Weiser, in his doctor’s thesis [11] , presents results of 
direct measurements on 9- cylinder, medium-speed engine. 
Works about comparing the emission characteristics of 
diesel engines with direct and indirect fuel injection [12], 
different types of fuels [12], injection strategies [13] – [16], and 
nozzle geometries [17] , are also available. The experimental 
investigations of diesel combustion with water emulsion [18], 
[19] and different fuel bio-components [20] – [30] and much 
frequently are presented.

This paper presents the results of the experimental studies 
on the effects of the cylinder valves leakage (both at air inlet 
and exhaust outlet) on the composition of the exhaust gas. 

LABORATORY STAND

The object of research is a three-cylinder, four-stroke, 
turbocharged, laboratory engine with mechanically controlled 
fuel pumps, inlet and exhaust valves. The fuelling system of 
the engine consists of Bosch fuel pumps and multi-hole fuel 
nozzles. The engine was loaded by an electrically-connected, 
water resistance generator. During the tests the engine was 
fuelled by diesel oil and operated at a constant speed equal to 
750 rpm. This type of engine is commonly used onboard as  
a power generator or a main propulsion system with variable 
pitch propeller [1]. The load and speed of the engine, speed 
of the turbocharger and parameters of cooling, fuelling, 
lubricating, and air exchange systems ,were measured. The 
composition of exhaust gas was also recorded by using an 
electrochemical gas analyser with infrared carbon dioxide 
sensor. Pressure, temperature and humidity of air were also 
recorded by laboratory equipment. All the mentioned results 
were recorded with a 1- second sampling time. Injection 
pressures and pressures of the combustion in all cylinders 
of the engine were also collected with a resolution of 0,5 
degree of the engine shaft rotation angle. The scheme of the 
laboratory stand is presented in [1] and the engine parameters 
are given in Tab.1.

The experimental study consists of 4 stages of 3 observations 
each with simulations of different malfunctions of both air 
inlet valve and exhaust valve in second cylinder of the engine. 
During each start of the observation, the engine was loaded 
to a maximum load equal to 250 kW, measured as the electric 
power of the generator. After stabilizing the temperature of 
the exhaust gas behind the turbine, the engine operating 
parameters were recorded for 3 to 5 minutes. After that, 
the load of the engine was decreased by 10 kW and, after 
stabilizing the temperature of the exhaust gas behind the 
turbine, the engine operating parameters were recorded 
again. Observation was continued with loads up to 50 kW. The 
engine did not work with a load of 190 kW due to resonance 
vibrations.

The stages of the experiment were set as follows:
-	 1st stage  - during the operation of the engine 

	 assumed as “working properly”,

Tab.1. Parameters of the test engine
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-	 2nd  stage - during the operation of the engine with 
	 a small simulated leakage of the air inlet valve,

-	 3rd  stage - during the operation of the engine with 
	 a small simulated leakage of the exhaust valve,

-	 4th  stage - during the operation of the engine with 
	 a large simulated leakage of the exhaust valve.

The mentioned simulations of valves leakage were obtained 
by drilling holes in the valve, according to the scheme 
presented in Fig.2. A small leakage was simulated by drilling 
one hole of 1mm diameter and a large leakage was simulated 
by drilling four holes of 2 mm diameter.

Fig.1. The laboratory stand scheme. 1 – exhaust duct, 2 – water resistance, 
3 – gas analyzer, 4 – computer, 5 – A/C converter, 6 – combustion pressure 

indicator, 7 – injection pressure indicator

Fig.2. Scheme of the valve leakage simulation

RESULTS AND DISCUSSION

Figures from 4. to 6. present average changes of measured 
and calculated parameters of the engine with simulated 
malfunctions in relation to the parameters of the operation 
of the engine recognized as “working properly” (Fig.3).

INLET VALVE LEAKAGE

The air intake valve leakage was simulated by drilling 
one hole in the valve with a diameter of 1mm. The location 
of the hole was selected in a way to separate the surfaces of 
the valve seat from leaking gas into cylinder.

The air intake valve leakage in the second engine cylinder 
causes penetration of the gas mixture to the air intake duct. 
The mixture of gases in the cylinder has a higher temperature, 
and therefore, according to the results presented in Fig.4a 
and Fig.4b, the mentioned malfunction causes an increase 
of the air pressure and temperature behind the intercooler. 
The results of the measurements for the engine assumed 
as “working properly”, presented in Fig.3a , show that the 
increase of the engine load leads to an increase of the air 
pressure behind the intercooler at a stable temperature. The air 
intake valve leakage causes an increase of the air temperature 
and the air pressure at low loads of engine operation. The result 
of the increase of thermodynamic parameters of air in the air 
intake duct is an increase of the temperature and pressure 
of air entering also other engine cylinders. These changes, 
however, do not change the amount of supplied air in relation 
to fuel consumption in all considered engine loads. This 
conclusion results from the lack of oxygen content changes 
in the exhaust gas for all considered loads of the engine (the 
result were not presented in this paper). Therefore, the increase 
of air pressure is compensated in the object of research by 
the temperature rise, and thus the amount of air supplied to 
the cylinders increases proportionally to fuel consumption 
increase. The change of temperature and pressure of the 
air behind the intercooler results in a deterioration of the 
combustion process in all engine cylinders. Fig.5c shows 

Fig.3. Parameters of the engine assumed “working properly”
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changes of the specific fuel consumption (SFC) with changes 
of the engine loads. According to the presented results, the 
10-27% increase in fuel consumption follows, clearly visible 
especially at low loads engine operation. The increase of 
the fuel consumption also increases amounts of the carbon 
dioxide (CO2) emission, which was presented in Fig.6d. The 
characteristics of carbon monoxide (CO) emission indicate 
the deterioration of the combustion process. According to 
Fig.6c, the air intake valve leakage causes about 60 % increase 
in amounts of CO emission in relation to those from the 
engine assumed “working properly”, presented in Fig.3c. The 
deterioration of the combustion process causes the increase 
of the exhaust gas temperature behind the engine cylinders. 
According to the results presented in Fig.5a and Fig.5b, 
changes of the exhaust gas temperature behind cylinders 
are similar for all engine cylinders. Fig.5d shows the change 
in the exhaust gas temperature measured at the exhaust gas 
duct behind the turbocharger. According to the presented 
results the air intake valve leakage causes a relatively small 
increase of temperature.  

As a result, an increase in the turbocharger speed occurs. 
According to the results in Fig.4c, the increase of the 
rotational speed of the turbocharger is so small that it may 
go unnoticed during the onboard operation. The change in 

the turbocharger and the engine cooperation as well as the 
mentioned conditions cause an increase of the volumetric 
exhaust gas flow rate. Fig.4d presents changes of the exhaust 
gas flow rate according to the engine load conditions. 
A volumetric exhaust gas flow rate was obtained by calculation 
with the use of the carbon balance method, in accordance 
with ISO 8178 standard regulation [31]. According to the 
presented results, the 10-28 % increase of volumetric exhaust 
gas flow rate followed. The largest changes of the presented 
parameters were observed for low engine loads. The reason 
for this is the constant size of the simulated valve leakage. The 
air inlet valve leakage causes a leakage of the gaseous mixture 
from a cylinder,  which, in relation to combusted mixture 
mass in the cylinder, increases at low engine load operation.

Fig.6a and Fig.6b present changes in values of both fraction 
and emission of nitric oxides (NOx) in relation to the operation 
of the engine assumed “working properly” for all considered 
loads of the engine. According to the presented results, the 
air intake valve leakage causes a noticeable decrease of the 
NOx fraction in exhaust gas. The probable reason for this 
is a decrease of the combustion temperature in the leaky 
cylinder. However, this thesis has not been proved in this 
research. It should be noted that the deterioration of the 
combustion process in the leaky cylinder and the changes 
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in the engine and the turbocharger cooperation result in the 
fuel consumption increase and the increase of the exhaust 
gas volume. This implies an increase of NOx emission, despite 
a decrease of NOx fraction in exhaust gas. Changes of NOx 
emission in relation to NOx emission from the engine assumed 
“working properly” are presented in Fig.6b.

According to the presented results, a relatively small 
leakage of air intake valve can cause significant changes in 
the emission of CO2, CO and NOx and the fuel consumption 
increase.

EXHAUST VALVE LEAKAGE

Exhaust valve leakage is a very common malfunction. 
It is caused by the damage of the valve seat due to hot and 
corrosive exhaust gases.

In this experiment the exhaust valve leakage was simulated 
by drilling holes in the valve as shown in Fig.2. Two leakages 
were simulated:

•	 a small leakage, which consists of one hole with 
a diameter of 1 mm, its cross - section area 
corresponding to leakage of 0,1 mm thickness of valve 
seat with angle equal to 10 degrees,

•	 a large leakage, which consists of four holes with 
diameters of 2 mm, which corresponds to leakage of 
0.3 mm thickness of the valve seat with angle equal 
to 55 degrees.

The exhaust valve leakage causes the penetration of the 
gas mixture to the exhaust gas duct during the combustion 
process in the cylinder. The result is a reduction of the 
maximum combustion pressure in the cylinder and the 
increase of the exhaust gas temperature behind the cylinder. 
According to Fig.5a and Fig.5b, the increase of the exhaust 
gas leakage causes the increase of the exhaust gas temperature 
behind a damaged cylinder, but also for cylinders without 
leaks. The presented increase of the exhaust gas temperature 
is relatively low and clearly visible only at low loads of the 
engine. Accordingly, the observation of this parameter allows 
to detect a large leakage of the exhaust valves only. It should 
be noted that simulated leakage will not initiate the automatic 
alarm systems. A leakage of the combustible mixture to 
the exhaust gas duct causes a deterioration of the engine 
efficiency. According to Fig.5c, the simulated malfunctions  
producing even small changes of the exhaust gas temperature 
behind cylinders, cause a large increase of SFC, reaching up 
to 30 % at low engine loads operation. Similarly to the case 
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Fig.5. Changes of exhaust gas parameters and specific fuel consumption in relation to engine assumed “working properly”
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of the air intake valve leakage, the amount of air in relation 
to the amount of burned fuel undergoes no visible change 
(this result is not presented in this paper). Leakages of the 
gaseous mixture into the exhaust gas duct and the increase 
of the exhaust gas temperature behind all cylinders cause the 
increase of the rotational speed of the turbocharger. Fig.4c 
presents the turbocharger speed changes caused by the 
simulated malfunctions. The mentioned results are compared 
to the parameters of the operation of the engine assumed 
as “working properly”, presented in Fig.3b. According to 
the presented results, the increase of the leakage causes the 
increase of the turbocharger speed. Volumetric flow rate of the 
exhaust gas, calculated according to the mentioned algorithm, 
rises with the increase of the valve leakage. As reported by 
the results presented in Fig.4d, the exhaust valve leakage in 
one cylinder causes even a 30% increase of the volumetric 
exhaust gas flow rate at low engine loads. This result is also 
the effect of the exhaust gas temperature increase behind the 
turbine, which is presented in Fig.5d.

Exhaust valve leakage in one of the engine cylinders causes 
an increase of both temperature and pressure of the charging 
air in front of the cylinders. According to Fig.4a and Fig.4b, the 
characteristics of the charging air temperature and pressure 

are qualitatively similar to the previously discussed inlet 
valve leakage. Although the effect of both the discussed valve 
malfunctions is similar, the genesis of these phenomena is 
different. In the case of the exhaust valve leakage the increase 
of the charging air pressure and temperature in front of the 
engine cylinders is a result of the increased compressor 
efficiency, caused by the increase of turbine speed. The inlet 
valve leakage causes, apart from the mentioned increase of the 
compressor efficiency, the additional increase of the charging 
air temperature as a result of the mixing of air and leaking 
combustible mixture from the cylinder. The result of this is 
that the same size of a leakage at the inlet and exhaust valve 
causes the same increase of the charging air pressure (Fig.4a), 
but the charging air temperature is significantly higher during 
the engine operation with inlet valve leakage (Fig.4b).

Increased fuel consumption of the engine is the direct 
cause of the CO2 emission increase. According to the 
measurement results presented in Fig.6d, the increase of the 
exhaust valve leakage causes an increase of the CO2 emission, 
especially at low engine loads operation. As mentioned 
earlier, the exhaust valve leakage causes the decrease of the 
maximum combustion pressure and the deterioration of the 
combustion process. The result of this is a large increase of 
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Fig.6. Exhaust gas composition changes
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the CO emission, which rises with an increase of the exhaust 
valve leakage. Changes of the CO emission in all considered 
loads of the engine are presented in Fig.6c. As for the case of 
the inlet valve leakage, the described malfunction reduces 
the NOx fraction in the exhaust gas. In Fig.6a a drop of the 
NOx fraction together with the increase of the leakage is 
also observed. This is caused by the combustion pressure 
decrease. There is a probability that the temperature of the 
combustion process also decreased (thus implicitly indicated 
also the increase in the CO emission), but it was not clearly 
confirmed by the measurement results. The correlation of 
changes in the NOx fraction and the exhaust gas flow causes, 
at low loads of the engine, a significant increase of the NOx 
emission. The increase of load of the engine operating 
with the exhaust valve leakage in one cylinder, results in 
a reduction of the NOx emissions in comparison to the values 
observed for the engine assumed as “working properly”. It 
should be noted that the increase of the engine load rises 
the amount of combusted mixture in the cylinder, which, 
at the same cross-section area of valve leakage, provides 
a relative decrease of leakage through the leaking valve. The 
mentioned leakage depends also on the pressure difference in 
front and behind the leaking valve. According to the obtained 
results the simulated leakages are too small to increase the 
combusted mixture amount (consequently the load) to such 
an extent as to cause a proportional increase of the leakage. 

CONCLUSIONS

This paper presents the results of laboratory tests carried 
out on the four-stroke diesel engine for marine applications. 
The study consisted of determining the impact of the leakage 
of both the air intake valve and the exhaust gas valve on the 
engine operating parameters, including the composition of 
exhaust gas.

The obtained results of the measurements allow to 
formulate the following conclusions:

1.	 The simulated leakages in the inlet and the exhaust 
valve caused a significant increase in the fuel 
consumption of the engine. It was also observed that 
the amount of air delivered to the engine cylinders 
increases in proportion to the increase of the fuel 
consumption.

2.	 The valve leakages cause an increase of the exhaust 
gas temperature behind the cylinder with a leakage 
and behind the other cylinders. The presented exhaust 
gas temperature increase is relatively small and clearly 
visible only at low loads of the engine. Therefore, the 
observation of this parameter allows to detect only 
large leakages of the exhaust valves.

3.	 The valve leakages taken into account in this experiment 
cause an increase of temperature and pressure of 
charging air behind the intercooler. This increase is 
caused by the risen efficiency of the turbocharger. In 
case of the inlet valve leakage, an additional increase 
of temperature was observed, caused by a gas leakage 
into the air intake duct. Charging air temperature is 
significantly higher during the engine operation with 

inlet valve leakage in one cylinder.
4.	 In all the simulated malfunctions the deterioration 

of the combustion process in leaky cylinder and the 
change of the co-operation between the engine and 
the turbocharger were observed. Relatively small valve 
leakages caused significant changes in CO2, CO and 
NOx emissions.

5.	 The largest changes of the mechanical and 
thermodynamic parameters of the engine and gaseous 
emissions were observed for low engine loads. The 
reason for this is the constant size of the simulated 
valve leakage in all the considered engine loads. The 
simulated leakages caused an amount of  gaseous 
mixture to flow out from the cylinder, which, in 
relation to the mass of the mixture in the cylinder, is 
larger at low loads of engine operation.

NOMENCLATURE

CO – carbon monoxide
CO2 – carbon dioxide
ISGOTT - International Safety Guide for Oil Tankers 

		   and Terminals
NOx – nitric oxides
SFC – Specific fuel consumption [g/kWh]
TDC – top dead centre of crankshaft position
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