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Preface

This Special Issue, entitled “Advances in Internal Combustion Engines and Motor Vehicles”,

presents issues related to improving the design and optimizing the operation of modern internal

combustion engines, particularly air and fuel supply systems, piston–ring–cylinder friction pairs,

and research into their operation with regard to specific special applications, e.g., in military vehicles.

The aim of this Special Issue was to present the possibilities of reducing the emission of harmful

exhaust components and greenhouse gases using compression–ignition engines in operation today,

and to assess the influence of flow resistance in the air supply system on changing the emission

of exhaust components and useful parameters of heavy-duty vehicle internal combustion engines.

In addition, the knowledge in the area of the influence of the use of alternative fuels in bi-fueled

compression-ignition (CI) engines and of air-filter pressure drop on engine performance and exhaust

emissions was significantly expanded.

The papers show that the internal combustion engine, as a source of propulsion for motor

vehicles, work machinery and military vehicles, still plays a significant role in land transport. The

combustion processes of hydrocarbon fuels taking place in the engine, in addition to the primary

function of converting chemical energy into mechanical energy, will have to be carried out in a way

in which climate and environmental protection is the most important aspect. Increasingly stringent

regulations on motor vehicle emissions, together with the depletion of fossil fuels, emphasize the

importance of finding and developing renewable and alternative fuels. In recent years, potential

sources of alternative fuels have been considered, namely liquefied natural gas, compressed natural

gas, biogas, biodiesel, vegetable oils and e-fuels, which are replacing fossil fuels due to their

advantages such as availability, biodegradability and renewability.

It was pointed out that technological solutions that improve the overall energy efficiency of

the powertrain are an important factor in reducing CO2 and other engine exhaust emissions. These

include, for example, hybrid concepts—allowing benefits to be derived from the synergy of internal

combustion and electric engines—and the idea of ‘downsizing’, in which the efficiency of internal

combustion engines is increased by means of instrumentation. In addition to the technological

solutions used today to minimize fuel consumption and CO2 emissions, designers are looking for

other methods for both petrol and diesel engines, for example, controlling the combustion process

using in-cylinder pressure sensors, controlling the filling process by changing valve lift and camshaft

phases, improving powertrain efficiency by recovering energy from exhaust heat, or reducing the

pressure drop in the intake system by using composite filter materials.

This Special Issue can be of invaluable help to those involved in the design and operation of fuel

and air supply systems for engines with CI, and especially to employees of scientific institutes and

students in the area of alternative fuel use and engine research.

Dziubak Tadeusz, Karczewski Mirosław, and Wróblewski Piotr

Editors

vii
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A Study on the Effect of Inlet Air Pollution on the Engine
Component Wear and Operation
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Faculty of Mechanical Engineering, Military University of Technology, 2 gen, Sylwestra Kaliskiego St.,
00-908 Warsaw, Poland; sebastian.dziubak@wat.edu.pl
* Correspondence: tadeusz.dziubak@wat.edu.pl; Tel.: +48-261-837-121

Abstract: This paper systematically reviews the research progress in the field of the influence of air
pollutants in the engine inlet on the accelerated wear of the elements of the association: piston, piston
rings, cylinder liner (P-PR-CL), and plain bearing (journal–panel). It was shown at the outset that the
primary component of air pollution is road dust. Its main components are dust grains of hard minerals
(SiO2, Al2O3), which penetrate the oil film area between two frictionally mating surfaces causing their
abrasive wear. Therefore, the effect of three dust parameters (grain size and hardness, and dust concen-
tration in air) on the accelerated wear of the friction pair: piston, piston rings, cylinder liner(P-PR-CL),
and plain bearing (journal–pan) is presented extensively. It was noted that the wear values of the same
component were obtained by different researchers using different testing techniques and evaluated by
different indices. It has been shown that the greatest wear of two frictionally cooperating surfaces is
caused by dust grains with sizes equal to the thickness of the oil film at a given moment, which in typical
combustion engine associations assumes varied and variable values in the range of 0–50 μm. The oil film
thickness between the upper ring and the cylinder liner varies and depends on the crankshaft rotation
angle, engine speed and load, and oil viscosity, and takes values less than 10 μm. It was shown that
the maximum wear of the cylinder liner, resulting from the cooperation with the piston rings, occurs
in the top dead centre (TDC) area and results from unfavorable (high temperature, low piston speed)
operating conditions of these elements. From the extensive literature data cited, it follows that abrasive
wear is caused by dust grains of specific dimensions, most often 5–20 μm, the greater the wear the
greater the hardness of the grains and the sulfur content of the fuel. At the same time, it was shown that
the main bearing, crankshaft bearing, and oil ring experienced maximum wear by a different range of
particle size, respectively: 20–40, 5–10, and 20–80 μm. It was shown that the mass of dust that enters
the engine cylinders and thus the wear of the components is determined by the concentration of dust,
the value of which is definitely reduced by the air filter. However, it was pointed out that the low
initial filtration efficiency and the presence of large dust grains in the purified air in the initial period
of the filter operation (after replacement of the filter element with a new one) may have an impact on
the accelerated wear of mainly (P-PR-CL) association. The next stage of the paper presents the effects
of excessive wear of the cylinder liner and piston rings of the engine, resulting from actual vehicle
operation and bench tests on the decrease in compression pressure and engine power, increase in the
intensity of exhaust gas blow-by into the oil sump and increase in oil consumption and exhaust gas
toxicity. This paper addresses the current problem of the effect of engine inlet air contaminants on the
performance of the air flow meter, which is an essential sensor of the modern internal combustion engine.
The phenomenon of deposition of contaminants (mineral dust, salt, carbon deposit, and moisture) on the
measuring element (wire or layer anemometer) of the air flow meter has been analyzed. The empirical
results presented show that the mineral dust layer on the measuring element of the air flow meter causes
a 17.9% reduction in output voltage, and the dust and oil layer causes a 46.7% reduction in output
voltage. This affects the decrease in engine power and exhaust toxicity.

Keywords: mechanical engineering; internal combustion engines; air pollution; engine component
wear; power loss

Energies 2022, 15, 1182. https://doi.org/10.3390/en15031182 https://www.mdpi.com/journal/energies
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1. Introduction

In recent decades, dust pollution has been widely recognized as a serious environ-
mental and engineering problem affecting the reliability of mechanisms and machines
from nano to macro scale [1]. No industrial sector is immune to this problem, mainly
affecting equipment that requires clean environments for proper operation and as intended.
Examples of engineering applications where cleanliness requirements are high are mainly
all lubricated machine components in relative motion (bearings, gears, axles, motor pistons,
dynamic seals, etc.), miniature devices such as microelectromechanical systems, valves,
mechanisms, and machines in the food, medical and pharmaceutical, aerospace, and
electronics industries.

Contaminants found in machine associations come from a variety of sources. These
can be residues from manufacturing and assembly processes or created by abrasive wear
on machine components. Contaminants can be introduced from the environment or during
equipment maintenance.

The problem of solid contaminants has arisen due to increased loads and tighter
tolerances, as well as the miniaturization of equipment. Loads and tolerances mean that
the lubricating film in contacts such as the ball-race in a rolling bearing, the pivot-cup
association of a plain bearing, and the piston–ring–cylinder system has generally been
reduced, making the mating surfaces more susceptible to increasingly smaller particles.
Miniaturization means that small particles now have a greater impact because the ratio of
particle size to the size of the parts involved has increased.

Modern engineering practice and research has shown the deleterious effects of particles
as small as 0.1–100 μm in contact with typical oil films on the order of a few nanometers to
a few micrometers [1]. Each time a particle is compressed into narrow gaps, it inevitably
creates local surface stresses that are elastic (reversible) at best and plastic (permanent)
at worst. Any surface damage depends on the size, hardness, and fracture toughness of
the particle, the hardness of the surface, the coefficient of friction at the “particle-surface”
interface, the relative velocity of the surface, and the type of contact, i.e., rolling, sliding,
spinning, or a combination thereof. Thus, various failure modes such as denting, abrasion,
thermal damage, peeling, chipping, and even scuffing have been recognized.

The problem of the durability of internal combustion engines is closely related to the
purity of the air drawn into the engine from the environment. Internal combustion engines
of motor vehicles are particularly affected by particulate pollutants that are found in the air
drawn from the atmosphere which is the primary operating medium of the engine. The
engine needs at least 14.5 kg of air to burn 1 kg of fuel. When operating at rated conditions,
passenger car engines draw about 150–400 m3/h of air and truck engines in the range of
900–1400 m3/h. A T-72 tracked vehicle engine needs more than 3500 m3/h of ambient air
to operate.

There is a large variety of solid and gaseous pollutants in the ambient air which are
drawn in with the air by internal combustion engines. Along with fuel and oil, pollutants
also enter the engine cylinders, but their quantity is much smaller. The concentration and
type of pollutants in the air depends on many factors, such as the type and condition of
the ground, the presence of vegetation, the type of industrial plants, the activities of the
automobile, forest and landfill fires, and volcanic eruptions.

The sources of pollutants emitted into the atmosphere (dusts and gases) are many and
varied. In general, they can be divided into natural and anthropogenic (artificial). Pollutants
emitted to the atmosphere (dust and gases) can be both primary, emitted directly to the
atmosphere, and secondary, formed in the atmosphere as a result of chemical reactions.

Natural pollutants result from the activities of nature and include:

• Volcanic eruptions, which produce volcanic ash and the gases SO2, CO2, H2S, among others;
• Forest, savannah, and steppe fires (CO2, CO, and dust emissions);
• Dump fires;
• Marine aerosols, and material of plant and animal origin;
• Marshes that give off gases, for example: CH4, CO2, NH3, H2S;
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• Mineral dust carried from the ground by motor vehicle traffic, activity of working and
agricultural machines;

• Erosive soils and rocks, mineral dust carried from the ground by the wind–sandstorms;
• Biological contamination: microorganisms (mites, fungi, bacteria), plant pollens, parasites;
• Green areas from which pollen comes.

Artificial pollutants result from human activities and include:

• Energy industry—burning of fuels in heating plants and power plants;
• Mining industry, metallurgical industry, chemical industry, construction industry

(production of cement) emitting to the atmosphere large amounts of dusts and harmful
gases (NH3, H2S, HCl) and heavy metals;

• Municipal and household sector (households), collection and disposal of waste and
sewage, e.g., landfills, sewage treatment plants;

• Motorization—mainly road transport, but also water and air transport being the
source of atmospheric emissions of gaseous pollutants originating from the process of
combustion of engine fuels: CH, CO, NOx, SO3, SO2, PM2.5, and PM10 particulates
and chemical compounds, as well as dusts, from abrasion of tires and road surfaces,
brake pads, and discs and clutch discs.

In the overall stream of pollutants that are introduced into the atmosphere surrounding
the earth, 85% are pollutants of natural origin. These are dusts and harmful gases.

The users of vehicles are interested in these pollutants that, when they get inside the
engines together with the air, have a destructive impact on engine parts and assemblies,
causing their accelerated wear, which results in the reduction of effective parameters of
engine operation and in their reduced durability and reliability. These are mineral dusts
found in the air mainly during the operation of vehicles on unpaved roads and off-roads.
Mineral dust is one of the dominant constituents of atmospheric aerosols and accounts for
~60% of the dry aerosol mass globally [2]. This applies mainly to special-purpose vehicles,
work machines, and military vehicles equipped with high-powered internal combustion
engines and high air demand.

Passenger cars and trucks travel mainly on paved roads, whose surfaces are the place
of deposition of particles from many different sources. First and foremost is mineral dust
that has been carried by the wind from soils surrounding the road, generated from field
work or road construction activities, and from sandy and desert areas that cover about
one-third of the earth’s surface [3]. Large amounts of dust are generated by open pit coal
mine operations [4–6].

The road surface may contain salt used for de-icing roads, plant fragments, pollen,
animal hair and mold, and other biological materials carried from nearby locations [7,8].
The author of this paper [9] conducted an analysis of the contaminants retained on the filter.
The contaminant particles varied greatly in size, shape, and chemical composition. The
contaminants with the largest sizes were biological material visible to the naked eye. These
included small insects such as beetles, wasps, bees, and flies, as well as their legs, feelers,
and wings. Plant remains, represented by fragments of wood, seeds, and leaves, were also
observed, though less frequently. Inorganic particles and synthetic fibers were also found.
Analysis of dust particles retained on the filter showed that the most abundant elements
found in large irregular particles were C, O, Si, Al, Ca, Mg, Na, K, Ti, Fe, and Si [9].

A significant amount of particulate pollution is generated by anthropogenic activities
such as agriculture, industrial production. Pollutants from anthropogenic sources are also
particles that have been released into the atmosphere as a result of abrasion processes in
the friction pairs of brakes and clutches of cars [10–13] and as a result of abrasion of the tire
tread against the road surface, which then fall by gravity [14–18]. It has been shown in [17]
that under actual operating conditions, the mass of a car and the intensity of braking have a
significant effect on the emission of PM2.5 and PM10 particles from brake and tire wear. The
highest concentrations of PM2.5 (520–4280 μg/m3) and PM10 (950–8420 μg/m3) particles
from brake wear were observed for the vehicle with the highest mass, while the lowest peak
concentrations of PM2.5 (250–2440 μg/m3) and PM10 (430–3890 μg/m3) were observed
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for the vehicle with the lowest mass. Similarly, the highest PM2.5 (340–4750 μg/m3) and
PM10 (810–8290 μg/m3) concentrations were from the tires of the highest mass vehicles.
As expected, vehicles with lower mass emitted much lower PM2.5 (340–4750 μg/m3) and
PM10 (810–8290 μg/m3) concentrations from tire wear.

The internal combustion engines of automobiles are the source of emissions of a signif-
icant amount of exhaust gases, which include non-toxic (N, O, H2O, CO2, H) and toxic (CO,
NOx, CH, SO2, RCHO, 3,4-benzopyrene) components [19,20]. Internal combustion engines
also emit PM (particulate matter), which are formed by complex chemical and physical
processes occurring during fuel combustion in the engine cylinder and exhaust [19–22].
Particulate matter (PM) is soot which is a by-product of incomplete and incomplete com-
bustion of fuel, on the surface of which there are: unburned hydrocarbons from fuel and
lubricating oil, water vapor, sulfur and nitrogen compounds, and ash, as well as products
of frictional wear of metal elements from frictionally cooperating engine joints [23].

Road surfaces are primarily a deposition site for mineral dust that has been carried
by the wind from soils surrounding the road, generated by field work, or from road con-
struction activities. Falling atmospheric dust has a complex mineral–chemical composition.
The diameter of these particles is greater than 10 μm and less than 100 μm [24]. Its basic
constituents are silica (SiO2) and alumina (Al2O3), whose hardness evaluated on the Mohs
10-point scale has a value of 7 and 9, respectively. The proportion of these two components
of mineral dust reaches 60–95. The residue (4–19%) consists of oxides of various metals:
F2O3, CaO, MgO, and organic components [25,26]. The road surface also contains particles
that have been released into the atmosphere as a result of abrasion processes in the friction
pairs of brakes and clutches and as a result of the abrasion of the tire tread against the road
surface, which then fall by gravity. Roads contain pollutants that are expelled from engines
with exhaust gases, such as soot and wear products of frictionally mating engine compo-
nents. The road surface may contain de-icing salt, plant fragments, pollen, animal hair and
mold, and other biological materials carried from nearby locations. Contaminants on the
road surface, due to vehicle traffic or by wind, are lifted up as dust, which is commonly
referred to as road dust [27–29].

In the case of motor vehicles, airborne dust is hazardous and when it enters the engine,
it can degrade engine performance. Silica and corundum are the cause of accelerated
wear of cooperating and key engine components, such as piston rings and cylinder liners,
crankshaft journals and bushings, valves, and guides. The minimum service life of these
parts determines the life of the engine.

Impurities which are sucked with air into engine cylinders have different chemical
and granulometric composition and moreover their content in air (dustiness) is variable
and depends on many factors: terrain conditions, type of road, traffic conditions (traffic
volume, traffic speed, traffic of other vehicles, share of studded tires and exhaust emissions),
meteorological conditions (types of precipitation and their frequency, wind direction, and
strength), road surface condition (dry, wet, covered with ice, sprinkled with salt or sand),
vehicle design and its running gear (wheeled, tracked), and location and design of the air
intake to the engine.

Dust concentration values in the air vary within wide limits, from 0.01 mg/m3 near
rural buildings to about 20 g/m3 when a column of tracked vehicles is moving over desert
ground [30]. During dust storms, the dust concentration takes values in the range of
0.1–3 g/m3 [31]. According to the author of the paper [32], the dust concentration in the air
can take values in the range of 0.001–10 g/m3. The maximum values of dust concentration
in the air within a few meters of the sand road on which off-road vehicles traveled was
variable in a wide range of 0.05–10 g/m3 [33]. The dust concentration on highways takes
small values but in a wide range of 0.0004–0.1 g/m3, while during the movement of a
column of vehicles on a sandy terrain the dust concentration takes much larger values
0.03–8 g/m3 [34].

Dust concentrations on streets depend on traffic volume, but typically range from 0.09
to 0.13 mg/m3. Much higher dust concentrations, reaching up to 0.65 mg/m3, have been
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measured while passing through a tunnel, where heavy traffic, high speed, and confined
space created favorable conditions for high dust concentrations [35].

The author of the paper [36] states that the concentration of dust in the air behind
a moving column of trucks, armored personnel carriers, and tracked vehicles depends
on the type of ground, vehicle speed, wind speed, and the type of chassis. At a distance
of several meters behind a column of tanks moving at 30 and 10 km/h on dry ground,
the dust concentration reached a maximum value of 1.17 and 0.48 g/m3, respectively.
The authors of the paper [37] report that the dust concentration at the periphery of the
armor of a tracked vehicle operated over sandy terrain increases with increasing driving
speed and for 18 km/h takes values in the range of 2.1–3.8 g/m3. At the air filter inlet, the
concentration has much lower values and is 0.8–1 g/m3.

Numerous studies show that the dust concentration at the inlet to the vehicle combus-
tion engine intake system usually does not exceed 2.5 g/m3 [32,33]. A dust concentration
in the air of 0.6–0.7 g/m3 is the reason for reduced visibility, and at a concentration of about
1.5 g/m3, visibility decreases to zero [38].

The concentration of dust inside a car with open windows was about 2.5 mg/m3 [39]
when it was moving behind another car on a gravel road.

The author of the paper [31] divides the road conditions on which most cars and light
trucks travel into two groups:

• Normal driving conditions (streets, highways, residential, and rural roads) with dust
concentrations below 1 mg/m3;

• Severe driving conditions (gravel roads, desert areas) with dust concentrations higher
than 1 mg/m3.

Dust, which is sucked with air into engine cylinders, only partly takes part in de-
structive influence on engine elements. The authors of [40] state that about 30% of the
pollutants getting with the air into the engine super-piston space may get out in basically
the same form with the exhaust gases from cylinders to the exhaust system. This increases
the emission of particulate matter (PM) from the engine

The dust particles contained in the exhaust gas cause erosive wear to the exhaust
valves and turbine blades of the supercharger as a result of the high velocity of the exhaust
gas flowing through narrow valve gaps. Some of the dust particles whose melting point is
much lower than the average temperature in the combustion chamber (1600K) melt [41].
Only 10–20% of the dust that enters the engine through the intake system settles on the
cylinder liner walls. This part of the dust forms together with oil a kind of abrasive paste,
which in contact with the surfaces of the piston–piston ring–cylinder (P-PR-CL) association
causes abrasive wear. As the piston moves in the bottom dead center (BDC) direction, the
rings scrape the oil from the cylinder face together with the contamination into the oil sump.
The contaminants contained in the oil are distributed via the oil system to those areas of
the engine that are lubricated by oil, e.g., crankshaft journal–crankcase, camshaft journal–
crankcase, valve guide-valve stem, causing accelerated wear. The primary role of the piston
ring pack is to maintain an effective gas seal between the combustion chamber and the
crankcase. Piston rings fulfil this task by forming a labyrinth seal by fitting tightly into the
grooves in the piston and the cylinder wall. The tribological effect of piston rings causes
their wear. Within the framework of works on the development of internal combustion
engines, it was found that the course of wear of the friction pair “ring–cylinder liner” and
the distribution of the oil film is largely influenced by the flow of exhaust gases and their
degree of contamination in the labyrinth seals of piston rings [42]. It has been indicated
that this process is exacerbated when the maximum operating pressure in the combustion
chamber is high and insignificant total cylinder volumes are used [43]. The wear of the
cylinder liner and piston ring pack has a significant effect on the loss of tightness of this
association and consequently on the performance of internal combustion engines due to the
loss of compressed medium and loss of power, increase in fuel and oil consumption [44–46].
There is also an increase in exhaust gas blow-by into the crankcase, which causes an increase
in the temperature of the mating parts and the lubricant, which reduces its viscosity. There
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is then a high susceptibility to oil film discontinuity between the kinematic pairs of the
main engine mechanism [47]. The second function of piston rings is to transfer heat from
the piston to the cylinder walls and from there to the engine coolant. Another function of
the piston ring package is to reduce the amount of oil that enters the combustion chamber
from the crankcase. This flow path is a primary contributor to engine oil consumption
and leads to increased emissions of toxic exhaust components as a result of oil mixing and
reacting with hot exhaust gases.

The friction pair consisting of the cylinder liner and piston rings (P-PR-CL) are the
basic components of the friction linkage of the engine piston–crank system, which, due to
the extremely harsh operating conditions resulting from the action of high temperature
(oil viscosity drop) and high pressure and high forces for a long time, are particularly sus-
ceptible to wear and have a significant impact on engine efficiency and service life [48–50].
According to the authors of works [48,51–57], depending on the type of engine and its
operating conditions, 20–50% of friction losses in internal combustion engines occur in
frictional contact between the piston ring assembly and the cylinder liner. Friction results
in the loss of the major part (48%) of the energy produced in the engine, of which the
friction losses of the piston shell, piston rings, and bearings comprise 66%, and the valve
train, crankshaft, transmission, and gears account for about 34% [58]. A small reduction in
friction can result in significant savings in fuel consumption, given the large number of
vehicle systems operating daily in the world. There are an estimated 1.2 billion light-duty
vehicles and 380 million heavy-duty vehicles in the world, and these numbers continue to
grow [59].

The energy demand of the transportation sector is enormous, with daily liquid fuel
requirements exceeding about 11 billion liters. Stringent emission standards have forced
the automotive sector to significantly improve the tribological behavior of engine systems.
Advances in the tribology of engine systems may be a more economical alternative than
developing new technologies to achieve better engine performance. Analysis of energy loss
in an internal combustion engine can show that about 15% of the total fuel energy is lost
due to mechanical friction. A 1.5% reduction in fuel consumption can be achieved with a
10% reduction in mechanical losses. In addition to reducing fuel consumption, tribological
improvements can also reduce oil consumption, reduce emissions, improve durability, and
increase engine power [60].

The intensity of wear of engine elements depends on many factors, including the
operating conditions of the engine (rotational speed, load), which is connected with creating
the appropriate thickness of the lubrication wedge between the mating surfaces of engine
elements. The decisive influence on the wear of friction mating surfaces has the parameters
of dust sucked in with the air, whose values change within wide limits and depend on the
conditions in which the engine is used. The amount of wear on the “cylinder-ring” friction
couple is also influenced by the type and quality of fuel and the parameters of its injection
into the cylinder. This is mainly manifested in the context of deposits formation on engine
elements and exhaust emission. To this end, work is being done to optimize the performance
and reduce exhaust emissions of engines tested on unconventional fuels [61–67].

One of the major causes of increased engine wear, especially with most engine manu-
facturers opting for exhaust gas recirculation (EGR) technology to reduce nitrogen oxide
(NOx) emissions [68–70] is soot contamination of engine oil [71–73]. Due to the increasing
requirements to meet exhaust emissions, diesel engines and gasoline direct injection (GDI)
engines are being equipped with catalytic particulate filters. This is an effective solution by
which soot can be captured and burned [74,75].

The current tendency in the construction of internal combustion engines to increase
specific power results in the fact that the elements of the P-PR-CL assembly of an internal
combustion engine are subjected to increasingly higher mechanical and thermal loads,
which promotes their faster wear. The experience from exploitation shows that the continu-
ous increase of engine power does not remain without influence on wear, durability and
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reliability of the most loaded elements (cylinder liner and piston rings), which determine
the durability of the whole engine.

The purpose of this paper is an extensive and structured analysis of the influence of
road dust, sucked together with air through the engine intake system, on the intensity of
wear of engine elements with special attention paid to the P-PR-CL piston–ring–cylinder
combination. A detailed analysis of the influence of the fuel type and injection system on
the formation of deposits and their impact on the wear of engine elements was intentionally
omitted in the analysis. The analysis of the soot effect on engine wear was also not
considered. The authors are aware of the importance of these factors in the context of
engine durability. It was considered that the paper would become too voluminous and
the most important problem, i.e., the influence of mineral dust on engine wear, would
not be properly exposed. It was pointed out that despite the use of inlet air filtration
systems, mineral dust grains with dimensions less than 2–5 μm enter the engine and are
the cause of accelerated wear. Larger dust grains can only enter the engine cylinders if
the filtration system fails. Modern tribological systems of internal combustion engines,
due to the increasing thermal and mechanical loads on the engines, are characterized by
increasingly smaller clearances and oil thickness between the friction pair surfaces. It is
currently believed that mineral dust grains above 1 μm cause accelerated wear.

The paper also analyzes the phenomenon of the effect of road dust and other air pollu-
tants (salt, oil, moisture) that settle on the measuring element of the air flow meter causing
a change in its characteristics. As a result, the information transmitted to the on-board
computer and the mass of air flowing is incorrect, which interferes with engine operation
causing a decrease in power. Data were quoted showing the influence of contaminants
contained in the engine oil, where they enter from the air in contact with the cylinder liner,
on the accelerated wear of elements of these associations, which are lubricated by oil. The
paper draws attention to the effects that result from accelerated wear of engine components.
The influence of excessive wear of PR-CL junction on the decrease of compression pressure,
engine power and on the blow-by of cargo and exhaust fumes to the crankcase is pre-
sented. Innovative technologies were presented, e.g., texturing the surfaces of piston rings
and cylinder liners, applying layers that reduce friction and prevent their increased wear.
Attention was drawn to the necessity of using air filters of high efficiency and accuracy,
especially in the case of vehicles operating in conditions of high dust concentration in the
air. The number of available literature items concerning this problem is extensive; therefore,
the authors used only selected items. In the available literature, there is no study which
comprehensively covers the problem of the influence of the dimensions of dust grains,
their hardness, and dust concentration on the wear of the PR-CL friction pair of an internal
combustion engine. The results of wear of the elements obtained during laboratory tests,
bench tests on an engine dynamometer, and during real engine operation were analyzed.

2. The Effect of Dust in the Intake Air on Engine Component Wear

The basic task of the air supply system is to supply the engine with air of the appro-
priate quantity and quality (purity), for which the air filter is responsible. The basic filter
material of motor vehicle operating fluids are fibrous materials, mainly filter paper, which
is characterized by high mass efficiency of over 99.9% and high accuracy of dust grains
above 2–5 μm, but low dust absorption of about 200–250 g/m2 [76–78].

Therefore, the engine inlet air (downstream of the filter) contains dust grains with
sizes below 5 μm. Dust grains with larger sizes can enter with the air into the engine
cylinders only in case of failure (leakage of connections) of the inlet system or loss of
filtering properties of the paper cartridge.

The effects of dust particles contained in engine intake air and oil on engine compo-
nents are varied and consist of (Figure 1):

• Abrasive wear of P-PR-CL coupling elements;
• Erosive wear of compressor and turbine;
• Abrasive wear of junction elements to which lubricating oil is supplied;
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• Settling of dust on the measuring element of the air flow meter;
• Settling of molten dust particles on the catalytic surface.

Figure 1. Functional diagram of the intake system of a motor vehicle combustion engine.

In machine operation, tribological wear processes are divided into the following
processes: abrasive, adhesive, oxidative, fatigue, corrosive, and cavitation. From the point
of view of filtration of exploitation fluids, the important processes are those that are caused
by impurities in the fluids. This is wear caused by the abrasive action of loose solid
particles of impurities. Abrasive wear is a phenomenon of destruction of the surface layer
of cooperating bodies (moving in relation to each other) during friction as a result of the
impact of roughness projections of one element on the surface layer of the other element.
This movement is accompanied by dry or mixed friction. This type of wear consists in
the fact that hard bumps or loose abrasive grains are embedded (pressed) in the surface
layer of mating elements and during relative movement cause its destruction. During
the operation of engines, the abrasive grains enter the mating fluids, mainly with the air.
Abrasive wear is a mechanical process. The character of the action of abrasive particles
on the surface layer material depends mainly on the type of their relative motion and on
the character and value of forces acting in the area of contact between the particle and the
machine component.

In internal combustion engine systems, there are many friction pairs that require a
lubricant for proper operation, which minimizes friction and reduces their wear value. The
piston–ring–cylinder (P-PR-CL) friction pair is the primary assembly that determines the
wear and life of an internal combustion engine. Other frictional pairs include the main and
crankshaft and camshaft plain bearings (journal–crankcase), valve stem-guide, camshaft
cam-valve galleries, piston pin–crankcase, and valve seat–valve seats (Figure 2). The tribo-
logical behavior of the (P-PR-CL) assembly has long been recognized as an important factor
affecting the performance of internal combustion engines in terms of fuel consumption,
power loss, oil consumption, emissions of harmful exhaust components, and working fluid
blow-by into the crankcase.

The piston, which is the mobile combustion chamber closure, serves to convert the
chemical energy of the fuel into useful kinetic energy. The primary role of the piston
rings, which are pressed against the cylinder surface by elastic force, is to seal the gas flow
between the combustion chamber and the crankcase. The piston rings, which are located in
the piston grooves, move along the cylinder liner in a reciprocating motion with a high,
but also variable sliding speed. In addition, the piston rings move axially and radially in
the piston groove, rotate in the ring groove relative to the sleeve axis and deform, causing
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inclination relative to the cylinder liner. This can cause changes in the oil film parameters
The pressure of the rings on the surface of the sleeve is assisted by the gas pressure acting
on the rear part of the ring. When the total of the forces acting on the ring along the cylinder
axis changes its direction, the ring breaks away from the lower piston groove surface and
moves axially to the upper piston groove surface. This results in gas being blown into the
crankcase. The cyclic piston ring movements cause oil to flow over the piston crown, which
is burned off [79].

Figure 2. Friction couplings in internal combustion engine systems.

The air flowing into the combustion chamber usually makes a helical motion towards
the piston crown, which is caused by a suitably shaped intake duct. The inertia force acts
on the dust grains in the airstream and directs the heavier grains to the cylinder surface
where they are fixed in the oil film.

In the abrasive wear of the engine component surfaces, only that part of the dust grains
that penetrated the engine’s superstructure with the air and settled in the oil film on the
cylinder liner wall are involved. The contamination grains suspended in the oil film, which
are mainly of mineral origin, get between the two mating surfaces of the piston–piston
ring–cylinder (P-PR-CL) or plain bearing (journal–shell) joint and form an oil film (Figure 3).
If the minimum oil film thickness hmin between the mating surfaces is greater than the
particle size dp, there is no contact between the dust grains and the mating surfaces and
they do not cause damage to the surfaces.

 
(a)                                           (b) 

Figure 3. Oil film formation in the following combinations: (a) piston–piston rings–cylinder (P-PR-CL),
(b) plain bearing: journal–shell.
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In an internal combustion engine, which operates with variable speed and load, the
oil film thickness hmin is not a constant value and depends directly proportional to the
oil viscosity depending on the temperature, relative speed in the lubricated surfaces and
inversely proportional to the loading force N (engine load) according to the relation [80]:

hmin = C
η·υw

N
(1)

where C—a coefficient that depends on the dimensions of the association elements.
Abrasive wear occurs when, as a result of an increase in the applied force N (increase

in load, increase in temperature and decrease in viscosity), two mating surfaces come
into close proximity at a distance dp = hmin (Figure 4). Dust grains are generally irregular
lumps with sharp multilateral cutting edges. When a hard particle (mineral dust grain)
has gained contact with two surfaces and the action of the force N does not give way,
the particle usually penetrates one of the surfaces. The dust particle so fixed acts as a
cutting tool causing micro-volume cutting and deformation of the layer of the opposite
surface. The dust grains can cause scratching, furrowing, and break off metal shavings that
are embedded in the material of the components that make up the engine’s component
assembly. In addition, engine components are subject to different loads, which changes the
clearance values and oil operating conditions. Most of the dynamic clearances are in the
range of 0–20 μm.

 
(a)                                 (b) 

Figure 4. Effect of particulate matter on tribological pair: (a) impurities suspended in oil [81], (b) condition
of maximum wear of the association. Figure made by the authors based on data from [82].

The prevailing view in the literature is that wear is caused by dust grains with size dp
equal to the minimum hmin thickness of the oil film between the mating surfaces at a given
moment. For any other value of the hmin/dp quotient, the association wear decreases [82,83].
Accurate calculation of this thickness is difficult, both in associations with reciprocating
and rotating motion, because:

• The surface outline is not exactly geometric;
• The temperature and viscosity of the oil film changes;
• Unit pressures are constantly changing due to the cyclic nature of operation and

varying engine load;
• The clearances in the linkages increase as the wear of the engine components increases—

with the increase of its service mileage.

Between the cylinder liner and piston rings, the oil film thickness is determined mainly
by the piston velocity, which varies sinusoidally (Figure 5), and oil viscosity, which depends
on the temperature of mating elements. The highest value of piston (piston ring) velocity,
the most critical zone where intense wear occurs, is in the top dead center (TDC) area
due to a combination of various adverse factors. The change in the direction of piston
movement (alternate acceleration and deceleration) in the extreme positions of the cylinder
liner causes its velocity to be the lowest in this area, and zero at BDC and TDC. This leads
to a reduction in oil film thickness or its complete disappearance. P-PR-CL components are
subjected to the highest temperature, resulting from direct contact with the hot exhaust gas,
which causes a decrease in viscosity and lubricating wedge thickness. Consequently, there

10



Energies 2022, 15, 1182

may be periods of even direct metallic contact between the piston ring and the bushing,
resulting in increased friction coefficient and wear [84].

Figure 5. Effect of piston speed on lubrication wedge formation and lubrication film thickness.

The change in oil film thickness between the upper ring and cylinder liner as a function
of crankshaft rotation angle for three (800, 3000, 7000 rpm) The rotational speeds of the
engine operating at full load are shown in Figure 6. The oil film thickness increases its value
as the engine speed increases—the reciprocating motion speed increases [85]. The oil film
thickness reached its maximum value in the middle of the stroke, where the piston speed
is the highest, which induces hydrodynamic lubrication. For 800; 3000 and 7000 rpm, the
oil film thickness at mid-stroke (90 and 450◦ crank angle) varied from 0.7–1.5, 2.4–2.6, and
3.4–4 μm, respectively. At BDC and TDC, the oil film thickness reaches minimum values.
These are probably the points where the piston ring comes into metallic contact with the
cylinder liner (boundary lubrication). Under these conditions theoretically any particle of
arbitrarily small size can be the cause of wear.

 

Figure 6. Effect of engine speed on oil film thickness between top ring and cylinder liner at SAE
20W40 engine oil. Figure made by the authors based on data from [85].

From the theoretical and experimental studies conducted by the authors of the
paper [86], it can be seen that the minimum oil film thickness hmin changes its value
depending on the crankshaft rotation angle (piston position in the cylinder), which is
influenced by the rotational speed, engine load and oil viscosity. During the compression
stroke (3000 rpm, 40 Nm load), the minimum thickness of the oil film on the sealing ring
was hmin = 9 μm, and during the operating stroke—hmin = 5 μm, which is 50% less and
results from the pressure of exhaust gases on the rear part of the ring.

As a result of changes in the thickness of the oil film between the mating surfaces,
the dust grains found there may be crushed and fragmented. The resulting smaller grains
can penetrate between the two mating surfaces where the oil film thickness takes on small
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values. In typical combustion engine mating, the oil film thickness reported by the authors
of the paper [87] assumes varying values (Figure 7).

 

Figure 7. Oil film thicknesses in typical combustion engine associations. Figure made by the authors
using data from [87].

It is believed that the abrasive aggressiveness of dust decreases when the dust grain
sizes are less than 5 μm. Such a value is considered to be the upper acceptable size of
dust grains that can be passed through air, fuel, and oil filters. Therefore, work is being
undertaken to increase the filtration accuracy of dust grains in this range, for example by
using nanofiber filter baffles [88–92].

Dust entering with the air into the engine cylinders most intensively affects the first
piston ring, the piston and the upper part of the cylinder.

The influence of the parameters of the dust sucked in together with the air to the
engine on the value of wear is considered in relation to the wear of these very engine
elements. The value of their wear is determined mainly during experimental research on
real engines. Due to great difficulties in carrying out such tests, the available literature
contains few and partial results, mainly concerning the influence of three dust parameters
(grain size, dust concentration in the air, and grain hardness) on the accelerated wear of the
first piston ring, piston, top part of the cylinder, and main and connecting-rod journals.

The effect of particle size on engine wear is a complex process. Particles whose
diameter is smaller than the thickness of the oil film should not damage the surface.
However, they weaken the oil film and can cause an increase in oil density.

The magnitude of dust-induced wear of engine components depends on the properties
of the dust drawn in with the air, and mainly on [93]:

• The size of the dust grains;
• Dust concentration in the air;
• Granulometric and chemical (hardness) composition of dust;
• Shape of dust grains.

At the same time, the effect of dust is closely related to:

• Clearance values between mating parts;
• Engine design parameters (compression ratio, piston stroke);
• Presence and type of lubricating oil;
• Engine operating parameters (load, rotational speed);
• Mechanical properties of the materials from which the components are made);
• Frequency of air filter maintenance.

The author of the paper [94] shows that there is a close relationship between the
dimensions of SiO2 grains in the air sucked into the engine and the amount of wear of the
cylinder liner and piston. All dust grains above 1 m cause increased wear, but the greatest
abrasive effect occurs at grain sizes of 7–18 μm—Figure 8a.
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Figure 8. Effect of SiO2 dust grain size on relative wear of: (a) cylinder liner and piston [94], (b) piston
ring. Figure made by the authors using data from [95].

A similar nature of wear, in this case of the upper piston ring of a Diesel engine, is
shown in the graph in Figure 8b. The greatest abrasive effect of this ring was found for
grains in the 7–20 μm range [95]. The same wear value is caused by dust grains of small
(less than 5 μm) as well as large sizes—above 20 μm.

The graph shown in Figure 9 confirms, the relationship between particle size and
component wear. Five classified fractions of road dust were used in the study. The
maximum effect of piston ring wear was obtained for particles of 21.5 μm diameter. Above
and below this size, ring wear is significantly reduced.

Figure 9. Influence of the road dust grain size on the relative wear of the upper piston ring. Figure
made by the authors using data from [96].

This phenomenon is explained by the fact that dust grains of large size do not penetrate
between two mating surfaces at the first moment and do not cause wear. However, due to
the variation of operating conditions and engine load, the oil film thickness is constantly
changing. In such a situation, large dust grains can penetrate between two moving parts
and when they come into contact with two surfaces they crumble into smaller grains and
only then do they cause wear.

This phenomenon is confirmed by the graphs in Figure 10. The greatest wear of
the cylinder face of the ZS engine was caused by quartz (silica) dust grains with sizes of
20–40 μm. Dust grains with dimensions in the range dp = 0–4 μm cause the same value
of wear as grains with dimensions dp = 40–60 μm [97]. Regardless of the size of the dust
grains, the maximum wear occurred in the upper part of the cylinder liner, which is typical
for P-PR-CL association, and this is due to the fact that at this location the upper piston
ring reaches the TDC position. It is known from the kinematics of the piston–crank system
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that near TDC and BDC the piston ring travel velocity along the cylinder liner surface has
the smallest value, and at TDC and BDC it is zero. The lubrication wedge disappears, and
then even the smallest dust grains come into contact with the mating surfaces, causing their
abrasive wear.

Figure 10. Cylinder face wear for different test dust fractions. Figure made by the authors using data
from [97].

According to the author of the paper [98], the highest value of piston ring wear
(241 mg/h) was observed for the dust fraction 5–10 μm, and the lowest wear (5 mg/h)
was caused (as expected) by dust grains with sizes of 0–5 μm. The wear value with dust
grains of size 10–20 μm and standard “fine” dust 0–80 μm is 50% less than the wear for the
dust fraction 5–10 μm (Figure 11). A dust concentration of 1.0 grain/1000 cubic feet of air
(28.317 m3) was used.

Figure 11. Influence of dust grain size on piston ring wear. Figure made by the authors using data
from [98].

From the data presented in Figure 12, it can be seen that the highest values of the
wear rate of the main and connecting-rod journal surfaces of a Diesel engine are caused
by dust grains with sizes of 5–10 μm, while dust grains with sizes of 0–5 μm are the cause
of increased wear of the piston rings of this engine [85]. Even contaminants containing
large particles up to 80 μm did not cause as much damage as contaminants with particles
concentrated in the size range of 0 to 10 μm.

Studies by the authors of the work [100] have shown that dust with a grain size of
0-5 μm causes more engine wear than grains in the 0–40 μm range. Similar trends were
observed by the authors of the work [85], who showed that about four times more wear
of diesel engine rings is caused by dust grains with grain sizes of 0–5 and 5–10 μm than
by particles of 10–20 μm. According to another study [101], engine wear is an exponential
function of particle diameter in the 2–20 μm range, and wear caused by 4–10 μm particles
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is about three times greater than for 2–4 μm particles. The obvious inconsistency in the size
of particles causing maximum engine wear may be due to the use of different engines with
different dynamic clearances between moving parts and different measurement techniques.

 

Figure 12. Effect of dust grain size on wear rate of Diesel engine components. Figure made by the
authors using data from [85,99].

Tests performed by the authors of the paper [102] showed that the main bearing,
crankshaft bearing and oil ring experienced maximum wear by a different range of particle
sizes. During the tests, a sample of 2 g of AC Coarse test dust with particle size ranges of
0–5, 5–10, 10–20, 20–40, 40–80, and 80–200 μm was introduced into the engine lubrication
system (without filters). For the oil ring, the maximum wear was caused by particle sizes of
5–10 μm, for the main bearing it was particles in the 20–40 μm range, and for the connecting
rod bearing the most dangerous particles were 20–80 μm (Figure 13). This sensitivity to
different particle sizes can be explained by the fact that each of these associations has a
different clearance between the mating surfaces.

 

Figure 13. The particle wear sensitivity functions for the main bearing, wrist pin bearing, and oil ring.
Figure made by the authors based on data from [102].

It can be seen from the graphs in Figure 14 that as the particle radius R increases, the
wear rate of the engine cylinder liner and piston ring increases rapidly, but only up to a
certain critical size, in this case about 7 μm, and then the wear rate decreases and is almost
constant. This may be related to the fact that the clearance between the piston ring and the
cylinder liner is small enough to limit the entry of larger size particles and thus eliminate
their effect on wear. Moreover, Figure 14 shows that the wear of the piston ring is almost
ten times greater than that of the cylinder liner, even though both components are affected
by the same value of dust concentration in the air [103].
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Figure 14. Effect of particle size on wear rate of cylinder liner and piston ring. Figure made by the
authors using data from [103].

From the data in Figure 15, it can be seen that the engine load has a significant effect
on the abrasive wear of the upper seal ring. Changing the engine load from 0–20 HP
causes a slight increase in ring wear. An increase in load above 22.5 HP results in a
more than fourfold increase in wear intensity, which may be due to a decrease in oil film
thickness between the friction surfaces and the occurrence of grain contact with the friction
surfaces [96].

Figure 15. Effect of engine load on top seal ring wear due to 10–20 μm of dust. Figure made by the
authors using data from [96].

Figure 16 shows, for different operating times of the friction pair, the effect of dust
particle size on the bearing wear rate [82]. Tests were carried out without filter and with the
addition of 0.4 g of road dust in the indicated particle size ranges. For the first half hour after
dust addition, the fraction in the 10–20 μm range caused bearing wear of kw = 124.8 mg/h.
This is significantly greater than the bearing wear caused by the other fractions, and also
greater wear caused by the same mass of test dust in the 0–80 μm range. During the next
30 min after dust addition, the rate of bearing wear by all fractions is almost identical and
takes values around kw = 14 mg/h. These values are similar to the values of bearing wear
by the 0–5 μm fraction for the first half hour after dust addition. After the third hour of
friction pair operation, a slight wear rate was recorded, but only for test dust in the 0–80 μm
range. The authors believe that large dust particles are crushed into smaller ones by the
action of the oil pump and between the surfaces of engine components.

The paper [104] presents the results of a study on the effect of three granulations of
quartz dust: 2.5–7, 8–20, and 16–40 μm contained in oil on the wear of engine plain bearings.
The highest wear of plain bearings is caused by quartz dust particles contained in oil with
size up to 20 μm.
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Figure 16. Effect of particle size of different dust fractions on wear rate for different bearing running
time. Figure made by the authors based on data from. Figure made by the authors using data
from [82].

It can be seen from the graphs presented in Figure 17 that during engine operation
at 50% load, as the size of dust grains increases in the range of 2.5–22.5 μm, the wear of
cylinder liners increases almost linearly regardless of the type of dust [86]. Dust grain sizes
of 2.5–7.5 μm and engine operation at 100% load cause 3.5 times more bushing wear than
during engine operation at 50% load.

 

Figure 17. Effect of grain sizes of different dusts on the intensity of cylinder liner wear at the height
of the upper piston ring and. Figure made by the authors using data from [105].

The abrasive wear of engine component surfaces is directly related to the hardness
of the particles. The hard dust grains are silica SiO2 and alumina Al2O3, whose hardness,
judged by the Mohs 10-point scale (diamond has a value of 10 and talc has a value of 1),
takes on a value of 7 and 9, respectively. The hardness of both dust components far exceeds
that of most engine construction materials. The hardness of hardened carbon steel is about
6.5 on the Mohs scale.

The effect of the hardness of the dust grains on the wear of the upper piston ring is
shown in Figure 18. In the case of diamond dust, the wear is much higher than in the case
of road dust of equivalent grain size, and unlike road dust, whose primary component is
SiO2, it steadily increases with particle size over the entire range studied.

Lower hardness dust causes accelerated wear when the abrasive comes into contact
with the surface, then the dust grains are smoothed and ground. Wear is then limited to the
first piston ring. On the other hand, dust of high hardness does not undergo the process
of grinding and comminution, but causes wear of all piston rings and then, after getting
into oil, it takes part in the process of accelerated wear of other friction pairs (main journal–

17



Energies 2022, 15, 1182

crankcase, connecting rod–crankcase, camshaft journal–crankcase, valve stem-guide, valve
cam–cam, and turbocharger bearings), which are reached by engine oil.

 

Figure 18. Effect of dust grain size with different hardness on upper piston ring wear. Figure made
by the authors using data from [96].

The effect of the size of dust grains of different hardness (corundum and quartz) on
the wear of a chrome plated piston ring and cylinder liner is shown in Figure 19. The course
of the ring and liner wear rate for both minerals is practically the same. It can be seen from
Figure 19 that Al2O3 particles with a diameter in the range of 0–10 μm caused several times
more wear than SiO2 particles of the same size and hardness (6–7) on the Mohs scale [105].
The ring wear caused by SiO2 is four times less than Al2O3. For particles up to 5 mm in
size, the wear intensity is higher than for particles of larger size. This may be due to the
fact that at the given friction conditions a certain part of particles larger than 5 μm does not
enter the tribological areas of rings and sleeves and does not participate in abrasive wear.

Figure 19. Effect of dust grain size of different hardness on wear of chrome plated piston ring and
cylinder liner. Figure made by the authors using data from [105].

The concentration of dust in the air is another factor intensifying the wear of engine
components. The life of an engine is characterized by varying values of air dustiness. For
an air filter with a certain filtration efficiency, a higher dust concentration in the air results
in a greater mass of dust entering the engine cylinders. Several studies have shown that
engine wear increases significantly as the concentration of dust taken in with the air by the
engine increases [94,96,103,106–108].

The author of the paper [106] presented data on the concentration of dust in the air
depending on the conditions of vehicle use (Table 1) and then related it to the wear rate of
engine components—Figure 20.
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Table 1. Dust concentration values as a function of vehicle operating conditions Data for the table
were taken from the paper [106].

Condition Dust Concentration s (mg/m3)

Average Ambient 0.010–0.139

95th Percentile Ambient 0.089

99th Percentile Ambient 0.112

Paved Roads 0.139–57

Dirt Roads 0.139–6113

Dust Storms 0.1–176

Worst Dust Storm 3000

0 Visibility 883

20 × 0 Visibility 17,657

 
Figure 20. Effect of dust concentration versus vehicle operating conditions on engine wear rate.
Figure made by the authors using data from [106].

The established linear relationship between engine wear and dust concentration shows
that when the dust concentration in the environment increases by more than 5 orders of
magnitude, the intensity of engine wear also increases by the same amount. An engine
operating on a dirt road or in a gravel pit in zero visibility, wears out about 10,000 times
faster than an identical engine operating in a rural environment (Figure 20).

Similarly, the author of the paper [96] showed that in the range of dust concentration
in the inlet air from 0.0042 to 0.287 g/1000 m3 of air, the wear rate of the upper piston ring
is a linear relationship (Figure 21).

During testing, standard engine operating conditions were maintained so as to mini-
mize piston ring wear from causes other than abrasion. The test dust used was Arizona
fine road dust also called “Standardized fine air cleaner test dust” with typical chemical
analysis shown in Table 2 and granulometric composition Table 3 [96].

According to the author of the paper [107], the engine wear, depending on the concentration
of dust in the air increases exponentially. At the dust concentration s = 20–30 mg/m3 the wear
becomes 1000 times higher than at the concentration s = 1–2 mg/m3, which is 10 times lower.

Figure 22 shows the exponential relationship between the Csepel Diesel engine life and
the airborne dust concentration (mass of SiO2 dust drawn in with the air) of 10–15 μm [94].
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Figure 21. Effect of dust concentration on upper piston ring wear. Figure made by the authors using
data from [96].

Table 2. Chemical analysis of fine grade Arizona Road dust used in abrasive wear tests [96].

Components of Dust Percent by Weight [%]

SiO2 67–69

Fe2O3 3–5

Al2O3 15–17

CaO 2–4

MgO 0.5–1.5

Total Alkalis 3–5

Ignition loss 2–3

Table 3. Particle size distribution of dust used in abrasive tests [96].

Dust Particle Sizes dp [μm] Mass Fraction of Grains in the Dust Fm [%]

0 ÷ 5 39 ± 2

5 ÷ 10 18 ± 3

10 ÷ 20 16 ± 3

20 ÷ 40 18 ± 3

40 ÷ 80 9 ± 3

Figure 22. Dependence of engine life on dust concentration in air. Figure made by the authors using
data from [94].
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From the graph in Figure 22, it can be seen that if the engine draws in ambient air
with a dust concentration of 0.2 mg/m3, the engine life (understood here as the number of
kilometers driven by the vehicle or hours of engine operation up to a certain wear limit) is
7000 h. If the mass of aspirated dust increases three times, the life of the engine decreases to
approximately 2000 h. An increase in the dust concentration in the air from 0.2 to 1 mg/m3

results in a fivefold increase in the mass of dust supplied to the engine cylinders and a
sixfold decrease in engine life.

The relationship between Diesel engine life and the amount of dust in the air (dust
concentration) and air filter permeability is shown in Figure 23 [94]. The increase in the
coefficient ε of air filter permeability (decrease in filtration efficiency) decreases the engine
life the more the dust concentration in the air has a higher value.

 
Figure 23. Dependence of engine life on coefficient of filter permeability ε for different dust concen-
trations in the air. Figure made by the authors using data from [94].

According to the authors of the work [108], a fourfold increase in the concentration of
quartz dust in the intake air causes a fourfold increase in the intensity of wear of the first
piston ring of the D-54A engine, regardless of the size of the dust grains (Figure 24).

 

Figure 24. Wear intensity of the first piston ring of the D-54A engine for different values of quartz
dust concentration in the intake air and different fractional compositions. Figure made by the authors
using data from [108].

Figure 25 shows the effect of particle size and dust concentration on piston ring and
cylinder liner wear for two cases. In the first case, the dust particle size is reduced by 50%
from the reference value and is 3.4 μm, and in the second case, the dust concentration
per engine cylinder is reduced by 50% from the reference value and is 3.525 mg/cylinder.
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A 50% reduction in particle size or dust concentration reduces the wear rate of both the
cylinder liner and piston ring compared to the reference wear by 40% and 50%, respectively
(Figure 25). Thus, reducing the amount of dust per engine cylinder has a greater effect on
the wear rate compared to reducing the particle size.

(a)                                         (b) 

Figure 25. Wear rate: (a) piston ring, (b) cylinder liner for 50% reduction in dust particle size (case 1)
and 50% reduction in dust concentration per cylinder (case 2). Figure made by the authors using data
from [103].

However, both factors have a significant effect on the wear rate of the piston ring and
cylinder liner and are interrelated. Therefore, it is important to use air filters with high
filtration efficiency and accuracy, which can reduce the influence of both factors especially
during the operation of vehicles in dusty conditions, and thus ensure longer engine life.

Figure 26 shows the abrasive wear rate of the cylinder liner and piston ring when
three air filters with different filtration efficiencies are used compared to when no air filter
is installed in the engine.

It can be seen that installing inlet air filters for the engine significantly reduces the
wear rate of its components. For example, a filter with 97.8% filtration efficiency reduces
the abrasive wear of the cylinder liner from 107 × 10−5 to 2.02 × 10−5 μm/h, i.e., by
almost 98%. Any air filter with higher efficiency definitely reduces the wear of both engine
components, with the wear rate of piston rings being several times higher than that of the
cylinder liner.

Assuming the abrasive wear of both the cylinder liner and piston ring without air
filter as 100% (Figure 26), the use of an air filter with 97.8% efficiency reduces the wear of
both elements to 1.89%. After using an air filter with higher efficiency (99.45%), the wear of
the cylinder liner and piston ring is only 0.41% compared to the wear when there was no
air filter in the engine.

An increase in the engine oil filtration efficiency from ϕ1 = 66.7% to ϕ2 = 95% results
in a more than 50% decrease in the wear rate of the piston rings of the loaded Diesel
engine—Figure 27 [109].

Figure 28 shows the dependence of piston ring wear magnitude on slip velocity for
different ring loads at 24-h tests. As the slip velocity increases, the ring wear increases the
higher the load. In contrast, Figure 28b shows the dependence of ring wear on load for 24-h
test runs at 150 ◦C and for two different slip speeds. Both at slip speeds of 1 and 4 m/s the
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wear increases almost proportionally to the ring load, with the higher speed having higher
wear values.

 
(a)                                   (b) 

Figure 26. Effect of air filter efficiency on: (a) wear rate of cylinder liner and piston rings, (b) relative
wear rate of both compared to no air filter. Figure made by the authors using data from [103].

 
Figure 27. Effect of filtration efficiency of dust grains larger than 15 μm contained in engine oil on
the wear rate of piston rings of a Diesel engine. Figure made by the authors using data from [109].

 
(a)                                            (b) 

Figure 28. Ring wear as a function of: (a) slip rate at 24-h test time, average temperature 150 ◦C, and
ring load of 25, 100, and 200 N, (b) as a function of load. Figure made by the authors using data
from [51].
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The paper [110] presents an operational study of the wear of the piston-cylinder
group of a Jamz 242N truck engine. The vehicles were operated on unpaved roads while
transporting iron ore. The engines were equipped with two different air filters. The wear of
the piston-cylinder group of the engine with the paper cartridge filter was 50% lower than
when the engine was equipped with the inertia-wash filter, which had a lower filtration
efficiency. The cylinder liner wear intensity at TDC (at the level of the first piston ring) had
an average value of 1.6 and 3 μm/1000 km, respectively (Figure 29). When these cars were
used on asphalt roads, the wear intensity of the piston–cylinder group elements decreased
six times [110].

Figure 29. Wear of engine piston–cylinder group components during use on an unpaved road. Figure
made by the authors using data from [110].

The results of piston ring wear tests are presented in [45]. The test object was a
4-cylinder turbocharged compression ignition engine with a displacement of 1.3 dm3,
with charge air cooling and exhaust gas recirculation. The engine was equipped with a
common rail direct injection system and had a maximum power of 66 kW at 4000 rpm and
a maximum torque of 200 Nm in the range 1750–2250 rpm. The engine had a typical ring
arrangement which included a first rectangular sealing ring with a barrel-shaped, chrome-
plated face, a second conical sealing ring and a double lip scraper ring with chrome-plated
faces and with a helical spring. The aluminum piston had a cast iron insert under the first
sealing ring and cooling channels.

The tests were conducted during a long-term durability test of the engine operating
under heavy load conditions according to a special cycle that was repeated 336 times.
The total operating time of the engine during the durability tests was about 1200 h [45].
The wear of individual piston rings was determined as an increase in ring lock clearance
(Figure 30a) and as a decrease in ring height (Figure 30b).

(a)                                         (b) 

Figure 30. Piston ring wear during durability test: (a) increase in lock clearance for individual rings,
(b) decrease in ring height. Figure made by the authors using data from [45].
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According to the authors of the paper [111], the intensity of cylinder liner wear at TDC
(at the level of the first piston ring) was on average 1.38 μm/1000 km of the mileage of a
vehicle used in sandy desert conditions and equipped with a two-stage filter (monocyclone
paper cartridge) and 3.8 μm/1000 km of the mileage for an engine equipped with an
inertia-washout filter, i.e., having lower filtration efficiency. The wear of the cylinder liner
in the lower part was twice less [111].

The accelerated wear of the cylinder liner, resulting from the operation of a truck
engine with a faulty air filtration system, is shown in Figure 31. The abrasive wear of the
cylinder liner in the form of parallel continuous bands of scratches along the liner formation,
located in the upper zone of the cylinder liner on approximately 1/5 of its circumference, is
clearly visible [112]. The scratch bands are so intensive and deep that no traces of the final
honing treatment of the cylinder liner surface can be seen. The view of the cylinder face of
a truck engine operated with an efficient air filtration system is shown in Figure 31c. There
are clear honing marks and combustion product deposits on the cylinder liner above the
top dead center of the first piston ring.

 
                   (a)                             (b)                                 (c) 

Figure 31. Wear view of the cylinder liner of a truck engine operated with an inoperative and
an operative air filtration system and efficient air filtration system: (a) clear strands of scratches
without any honing traces, (b) visible single scratches against the background of surface treatment
traces, (c) efficient air filtration system [112].

The loss of material in the form of scratches (grooves) results from the mechanical
impact of large-size foreign particles on the surface of the cylinder liner and the hardness is
much higher than the hardness of the metallic liner matrix. The cylinder liner has scratches
up to 70 μm wide (Figure 32). The width of the cracks in the cylinder face is a representation
of the size of the foreign particles between the mating parts.

 

Figure 32. Scratches in the cylinder face caused by foreign particles of high hardness [112].

A paper cartridge newly installed in the filter only after exceeding 20–30% (Figure 33)
of the predicted mileage ensures the required efficiency (99.5%) and accuracy of air
filtration [72,87]. This is due to the phenomena occurring in the initial period of the
filtration process of the fibrous material. Therefore, the frequency of air filter servicing
(filter cartridge replacement with a new one) may affect engine wear and durability.
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Figure 33. Separation efficiency and engine wear rate as a function of air filter run time. Figure made
by the authors using data from [89,106].

The length of this period depends on the type and parameters of the filter material, the
concentration and granulometric composition of the dust, and the filtration rate. Figure 34
shows the results of experimental tests of several filter materials that differ in the length
(duration) of the initial filtration period [113]. With the increase of the mass of dust retained
in the filtration layer (increase of the km coefficient), the filtration efficiency of the tested
cartridges assumes increasingly higher values. The required value of filtration efficiency
(ϕw = 99.9%) is achieved by filter cartridges working in the same conditions (the same
value of dust concentration and air flow) after different time. Insert A achieves an efficiency
of ϕw = 99.9% after obtaining a dust absorption coefficient kmA = 110.7 g/m2. For inserts
B, C, D, and E made of other filtration materials the initial period (time of obtaining the
required filtration efficiency) is much shorter. For inserts E (polyester + PTFE membrane)
and D (cellulose + polyester + nanofiber), this period ends at the earliest when the dust
absorption coefficient kmE = 5.77 and kmD = 7.22 g/m2, respectively, is reached. For cartridge
B (polyester), the initial period ends at a dust absorption coefficient of kmB = 31.9 g/m2,
and cartridge C (cellulose + polyester) for a coefficient of kmC = 48.5 g/m2 (Figure 34).

 

Figure 34. Separation efficiency ϕw and filtration performance dpmax depending on the dust mass
loading km of the tested filter cartridges [113].
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At this time, there are large dust grains in the air behind the filters. The largest dust
grain sizes (dpmax = 28 μm) were recorded downstream of cartridge A (cellulose), and the
smallest (dpmax = 7.9 μm), downstream of cartridge E, which is closely related to the initial
filtration efficiency of these cartridges. This is due to the higher grammage, and smaller
pore size of the filter materials tested.

The initial filtration efficiencies of the tested cartridges take on different values. The
lowest value (ϕw0A = 96.3%) was recorded for the filter cartridge made of filtering material
A (cellulose). Inserts B, C, D, and E have higher values of initial filtration efficiency,
respectively: ϕw0B = 98.9%, ϕw0C = 98.2%, ϕw0D = 99.8%, ϕw0E = 99.97% (Figure 34).

Low initial filtration efficiency and the presence of large dust grains in the cleaned air
during the initial period of filter operation (after replacing the contaminated filter insert
with a new one) can affect the accelerated wear of mainly P-PR-CL association. Thus,
frequent, unjustified filter cartridge replacement may be the cause of accelerated wear of
engine components.

On the other hand, the authors of the paper [114] believe that the wear of the friction
pair “cylinder–piston rings” and thus the durability of the internal combustion engine
depends not only on the efficiency of the inlet air filtration and the wear resistance of the
parts, but also on the design of the intake manifold. In the intake manifold of a multi-
cylinder car engine (Figure 35a), due to the rapid twisting of the flowing air in the ducts
and the associated effect of the inertial force on the dust particles, uneven distribution of
the dust particles to the individual engine cylinders can occur, resulting in uneven wear of
the piston–cylinder group.

(a)                                                    (b) 

Figure 35. Intake manifold with different outlet angles (1, 3, and 5—engine cylinder numbers):
(a) construction and functional diagram, (b) the ratio of the number of dust particles dpi the size of 5,
10, 20, and 30 μm in the cylinders to the total number of particles Σdpi at the inlet at different rotation
frequency n of the crankshaft. The figure was made by the authors based on data from [114].

Simulation studies were carried out in the air velocity range of 5–20 m/s in branched
manifold channels with diversion angles of 45◦, 90◦, and 135◦ for the most characteristic
particle sizes of 5–30 μm [114,115]. The computational results showed that the dust particles
deviate from the air flow line due to inertia and can move through the side outlet the
larger the particle size, channel deflection angle and air velocity—Figure 35b. The uneven
distribution of particles in some modes of operation is so great that as much as 75–85% of
the dust can enter the outermost cylinder, furthest from the inlet to the intake manifold.
This explains the reason for the uneven local abrasive wear of the cylinder–piston group
and valve mechanism components in individual cylinders.
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According to the author of the paper [116], the excessive presence of sulfur in the
fuel may be the cause of additional corrosion wear of piston rings and cylinder liners, i.e.,
those engine elements which are in contact with exhaust gases. This type of corrosion wear
caused by sulfuric acid intensifies when the engine is operated at low temperatures and
when exhaust gas recirculation is used. It can be seen from Figure 36 that the rate of cylinder
liner wear increases with increasing particle size in the range of 15–30 μm and engine speed
in the range of 1000–2500 rpm. The dust samples used in this study were obtained from the
Jordanian desert. The wear rate of the cylinder liner increased significantly when sulfur
was cycled into the fuel at 0.03%, 0.6%, and 0.1% (Figure 36b). A maximum wear rate of
2.41 μm/h was obtained when the engine was operated at n = 2500 rpm, for maximum
particle size (30 μm) and maximum sulfur content (0.1%) in the fuel.

 
(a)                                            (b) 

Figure 36. Cylinder liner wear rate as a function of engine speed: (a) for different sizes of dust grains
in the 15–30 μm range, (b) for different sizes of dust grains and with the addition of sulfur in the fuel.
Figure made by the authors using data from [116].

Figure 37 shows the effect of dust particles dosed with air and sulfur added to fuel
on engine cylinder liner wear along its formation. It can be clearly seen that the abrasive
wear takes maximum values at the top dead center (TDC), slightly smaller values at the
bottom dead center (BDC) and very little values at the other locations of the bushing
(Figure 37a). When the engine burns fuel with added sulfur, cylinder liner wear increases
because corrosive wear occurs in addition to abrasive wear caused by dust particles. The
total wear near TDC is higher than elsewhere in the cylinder liner [116]. This is probably
due to the difficult operating conditions of the rings in this zone: very low piston and ring
velocity, which disappears to zero at TDC. The upper ring is exposed to high temperature
gases (proximity to the combustion chamber), which causes the oil near the upper ring to
evaporate and reduce its viscosity. As a consequence, the lubricating wedge disappears, so
that most of the time there is metal-to-metal contact which is the cause of abrasive wear.

 
(a)                                                      (b) 

Figure 37. Cylinder liner wear along its length at 2000 rpm and after 120 h of engine operation:
(a) effect of dust particles, (b) effect of dust and sulfur particles. Figure made by the authors using
data from [116].
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Figure 37a shows the relationship between the wear of the first and second piston
rings and the mass of dust dispensed into the cylinder. The wear of the first ring, due
to high temperature and pressure, lower oil viscosity, is higher than that of the second
ring. The wear increases linearly as the intensity of the dust mass flowing into the cylinder
increases [116].

The relationship between the wear of the first and second piston ring and the degree of
sulfur content in the fuel is shown in Figure 38b. The course of ring wear is similar (linear)
to that shown in Figure 38a, but changes with less intensity. This shows that dust particles
have a greater effect on piston ring wear than sulfur in fuel. That is, the abrasive wear rate
of engine components is higher than the corrosive wear rate.

 
(a)                                            (b) 

Figure 38. Piston ring wear rate at engine speed n = 2000 rpm depending on: (a) the mass of dust
dispensed into the cylinder, (b) the percentage of sulfur in the fuel. The figure was made by the
authors based on data from [116].

Experimental studies of the wear of piston-cylinder assembly components of five
4-cylinder 85.3 kW engines were presented in [117]. Each of the five tested engines was
equipped with a completely new set consisting of: honed sleeve, piston, rings, pins, and
valves. The first stage of the study involved running the engines during the run-in period
for 10 h at 1400–2800 rpm and varying load and with increased air dust. The engine load
and speed were increased systematically from minimum to maximum value. The second
stage of testing consisted of seven 3-h cycles of 2 h 50 min full load at 2800 rpm and 10 min
idle to obtain a total of 21 h of engine operation. In this stage, test dust containing mainly
73.7% SiO2 and 14.8 Al2O3 was precisely metered into the engine intake manifold at a rate
of 1.3 g/h, corresponding to an ambient dust concentration of about 8 mg/m3. To avoid the
accumulation of dust and wear products inside the engine lubrication system, an additional
external fine oil filtration system was added.

The wear of the pistons was expressed by the change in their average radius, while
the wear of the top, middle, and bottom ring was expressed by the change in the size of
the end gaps: PI, PII, and PIII. The lapping operation causes only 1.3–3.9 μm of cylinder
liner wear due to the change in the roughness parameters of the cylinder liners. The ring
wear during engine run-in averages 53.2 μm for top rings, 153.2 μm for middle rings, and
369 μm for bottom rings (Figure 39a). During the second stage of testing, the average wear
is respectively—for cylinder liners: 4.0–24.3 μm, for pistons: 2.6–4.4 μm, and for rings:
ΔPI = 340 μm, ΔPII = 560 μm, ΔPIII = 960 μm (Figure 39b).

From the above analysis, it can be seen that wear of the elements of the friction pair
“cylinder liner—piston rings” and other friction associations in the engine is inevitable
due to the presence of hard dust grains in the engine intake air. This is due to the fact that
standard cellulose-based filter materials used for engine intake air filters have filtration
efficiencies in excess of = 99.5% and dust grain retention accuracy of more than 2–5 μm [113].
It follows that all dust grains above 2–5 μm enter the engine cylinders. From available liter-
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ature data, all dust grains above dp ≥ 1 μm cause accelerated wear of internal combustion
engine components [76,94,95,106]. The only way to protect engines from excessive wear
of frictionally cooperating surfaces is to use materials with an engine inlet air filtration
accuracy above 1 μm. Such possibilities are created by polymer nanofibers, i.e., fibers with
a diameter below 1 μm obtained by electrospinning [118–123].

Figure 39. Piston ring wear: (a) after 10 h of engine run-in test, (b) after 21 h of engine operation at
full load, at 2800 rpm, and dust concentration in intake air s = 8 mg/m3. Figure made by the authors
using data from [117].

Nanofibers have completely different and new properties compared to standard fibers.
First of all, they have a large surface area in relation to their weight and a significantly
higher strength, and they also have a higher chemical activity and higher moisture sorption.
In automotive technology, nanofibers with very small diameters of about 50–800 nm are
used. Companies producing filter media using nanofibers have developed their own
technologies for this purpose, such as Donaldson’s Ultra-Web® and Fibra-Web® technology,
Finetex MatsTM from Finetex Technology Inc. and AM-SOIL Ea Air Filters. Due to the
limited mechanical and strength properties of the nanofiber thin film (1–5 μm), it is applied
over a substrate of conventional filter materials that have greater thickness and strength.

A thin nanofiber layer applied on the inlet side of a standard filter bed, which can be
cellulose, nylon, or polyester (Figure 40) traps contaminant particles before they penetrate
deep into the filter material [124–126].

 
(a)                          (b)                              (c) 

Figure 40. Filter bed made of cellulose and nanofiber layer: (a) nanofiber layer applied to the
substrate—cross-sectional view of the bed [124], (b) dust layer retained on the nanofiber layer [125],
(c) dust grains retained on the nanofiber layer [126].
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The use of nanofibers as an additional layer applied to standard air filter materials used
in motor vehicles significantly improves filtration efficiency and accuracy, but unfortunately
increases flow resistance. Figure 41 shows the filtration efficiency of a nanofiber filter
medium with a cellulose substrate on which a layer of nanofibers with a thickness of 300 μm,
a weight gm = 0.1 g/m2 and a fiber diameter in the range of 40–800 nm was placed [127]. For
filtration velocity υF = 0.03 m/s and dust grains in the range dp = 0.2–4.5 μm, the filtration
efficiency of this bed reaches values ϕ = 64–99%, respectively. For a much higher filtration
velocity υF = 0.2 m/s, the filtration efficiency reaches a slightly lower level. These efficiency
values are much higher than those of cellulose-based and commercial nanofiber materials
(Figure 40).

 
Figure 41. Pleated filter elements made of cellulose fibers, nanofiber layer, and cellulose fibers
filtration efficiency. Figure made by the authors using data from [127].

The second area of activity aimed at reducing friction and wear of elements of the friction
pair “cylinder liner—piston rings” and other friction bonds is focused on the application of
innovative technologies. Surface modification and coating, suitable lubricating oil or surface
texturing are important techniques for reducing friction between two friction surfaces. One
of the factors preventing excessive wear of engine elements is the application of antiwear
coatings on the most thermally stressed and wear-prone elements of the piston–ring–cylinder
unit. The results of research on the influence of introduction of these coatings for various
parameters of internal combustion engines, both car and aircraft, are presented in [128–135].

Examples include thermal application of advanced cylinder liner coatings such as
nickel and diamond-like carbon nanocomposite [131], coating of piston rings (PR) with
molybdenum (Mo) powder [132], coating of diamond-like carbon (DLC) on piston rings
and Fe coating on cylinder liner [133], coating of alumina nanopowder on piston rings and
CrN coating on cylinder liner [134], and thermal spraying of coatings on ring faces [135].

Surface texturing of piston rings and cylinder liners is an innovative technology to
reduce friction and improve wear resistance of these most heat and strength stressed
components. After conventional honing, the surface texture of cylinder liners can be
changed by a number of techniques such as flat honing, helical honing, laser honing, and
laser texturing [136]. The honing angle or the angle of the transverse notch created by the
honing process is believed to affect the tribological behavior of the sleeve–ring tribosystem.
Surface texturing, as an effective method to improve the tribological properties of P-PR-CL
friction pairs, has received much attention in the relevant scientific literature [137–141].
Studies have included the influence of texture parameters: the shape of indentations,
their size, and surface ratio on the reduction of friction and wear of sliding elements in
an engine [137], the influence of honing angles (20–100◦) under boundary lubrication
conditions on the tribological behavior of the “cylinder liner–piston and piston ring”
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pair [138], effect of topography of DLC coating applied on piston ring and cylinder liner
on tribological characteristics of friction pair [139], effect of texture of thread grooves with
different widths on cylinder liner surfaces and texture of circular indentation on piston ring
on diesel engine performance [140], and effect of normal load on changes of liner surface
texture [141].

According to the authors [142], well-chosen surface texturing parameters can improve
the tribological properties of lubricated surfaces under relative sliding motion conditions
by creating a hydrodynamic lift phenomenon at the interface between the ring and cylinder
liner surfaces. The test results of the authors of paper [143] showed that under different
lubrication conditions, laser texturing of the cylinder liner can effectively reduce the friction
force in the reciprocating motion of the ring-sleeve pair. The average friction coefficients of the
laser textured cylinder liner-ring pair are reduced by about (18.6–37.6%). The authors of the
paper [144] optimized textures with diameters of 100 μm and 120 μm on a parabolic piston
ring and showed a reduction in friction of 27% and 21% compared to a ring without texture.

The authors of the paper [145] stated that reduction of friction and wear can affect
engine performance and can be achieved by using proper honing technique.

In [146], the effect of microstructure laid on the cylinder liner of an internal combustion
engine on the lubrication condition of the control ring was investigated. Measurements us-
ing a floating sleeve engine showed that the microstructure improved lubrication conditions
by reducing hydrodynamic friction.

Among all these methods, surface texturing has become one of the main methods to
improve the tribological properties of mechanical pairs undergoing relative sliding motion.

In conclusion of this section of the analysis, it should be stated that a large number of
factors influence the wear of engine friction pair components. These are dust parameters
(grain size, hardness, and shape), properties of the material from which engine elements
are made, engine operating conditions (rotational speed, load size, operating temperature),
efficiency and accuracy of inlet air filtration, quality of servicing air and oil filters, type and
quality (sulfur content) of fuel used, and conditions (value of dust concentration in the air)
in which a car is used. It is impossible to carry out research comprising all these factors.
Therefore, for a number of years, experimental tests have been carried out, which evaluate
the wear of only single or several factors simultaneously. Each researcher uses a different
methodology and test conditions. Moreover, the researchers use different wear indicators.
Therefore, the comparison of results is not always unambiguous.

3. Effect of Wear of P-PR-CL Junction Elements on Engine Operation

Wear and tear of the cylinder liner and piston rings caused by contaminants that
penetrate the engine cylinders with the intake air as well as contaminants contained in
the oil causes a loss of compressed medium and thus a pressure drop at the end of the
compression stroke. The result is a decrease in engine power and an increase in specific
fuel consumption. Excessive clearance in the P-PR-CL connection is the cause of increased
flow of exhaust gases into the oil sump, which increases the temperature of the lubricating
oil, decreases its lubricating properties and causes the oil to be blown out by the exhaust
gases. The effect of this phenomenon is the disappearance of the “oil film”, resulting in the
system moving from fluid friction conditions to boundary friction. The increased clearance
in the P-PR-CL combination intensifies the phenomenon of pumping action of the piston
rings, thereby increasing oil consumption and exhaust gas toxicity.

Figures 42–47 show the results of the P-PR-CL assembly wear and its effect on changes
in power, torque, specific fuel consumption, and exhaust gas blow-by into the crankcase
of a 1.3 dm3 turbocharged 4-cylinder ZS engine with charge air cooling and exhaust gas
recirculation [45]. This is a passenger car engine with a maximum power of 66 kW achieved
at 4000 rpm and a maximum torque of 200 Nm in the range 1750–2250 rpm. The honed
cylinder liners had narrow, deep grooves (lubricating oil reservoirs) in the upper part made
using laser machining.
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Figure 42. Average cylinder liner wear of a 4-cylinder turbocharged Diesel engine with Nemax = 66 kW
in the plane perpendicular (B-B) and parallel (A-A) to the engine axis [45].

Figure 43. Variation of power and specific fuel consumption at 4000 rpm and torque and specific fuel
consumption at 2000 rpm. Figure made by the authors using data from [45].

 
(a)                                        (b) 

Figure 44. Effect of test duration on (a) exhaust blow-by volume at full and light engine loads,
(b) engine oil consumption at different engine reliefs. Figure made by the authors using data from [45].
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Figure 45. Changes in compression pressure in engine cylinders as a function of car mileage. Figure
made by the authors using data from [147].

Figure 46. Changes in the intensity of exhaust gas blow-by depending on the course of cars during
engine operation: (a) at idle, (b) at full load with 2200 rpm. Figure made by the authors using data
from [147].

Figure 47. Cylinder liner wear profiles under different engine operating conditions and during
engine start-up. Figure made by the authors using data from [148].
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Long-term durability tests were conducted on the dynamometer bench, during which
each engine was operated under heavy load conditions according to a special cycle that
was repeated 336 times. The total operating time of each engine during the tests was 1200 h.
Every 42 test cycles or so, speed characteristics and other measurements were made to
determine motor performance.

Figure 42 shows the cylinder liner wear averaged over all cylinders of both engines.
The cylinder liner diameters in the direction parallel to the engine axis changed little,
while in the perpendicular direction the diameter increments were larger, especially in the
upper part of the liner. It should be assumed that the above changes in diameters are a
consequence of both wear of the sleeve surfaces and their deformation. The average values
for both directions indicate greater wear of the sleeves near the turning positions of the
ring pack, especially the upper turning position.

The wear of the cylinder liner and piston rings caused by impurities penetrating into
the cylinder liner together with the inlet air, as well as impurities contained in the oil,
resulted in a decrease in the tightness of the piston crown space. As a result, a loss of the
compressed medium occurred, and thus a pressure drop at the end of the compression
stroke, and in consequence a decrease in the power of the tested engine by about 2.5% and
an increase in specific fuel consumption by 3.4% (Figure 43).

Wear of the P-PR-CL association is at the same time an increase in the intensity of
exhaust gas blow-by into the crankcase (Figure 44a), which causes an increase in the
temperature of the lubricating oil, a decrease in its lubricating properties, and oil blow-by
of the exhaust gases. The effect of this phenomenon is the disappearance of the “lubricating
wedge,” resulting in the system moving from fluid friction conditions to boundary friction.

After 1200 h of engine operation at full load and 4000 rpm, the blow-by rate increased
by 61%. This greatly accelerates the degradation of engine oil. The increased clearance
in the P-PR-CL combination intensifies the phenomenon of pumping action of piston
rings, thereby increasing oil consumption and exhaust toxicity. At the same time, engine
oil consumption increased by 108%, 96%, and 113% at 100%, 33%, and 20 Nm loads,
respectively (Figure 44b).

The results of testing the integrity of the combustion chamber of 5 examples of six-
cylinder Diesel engines are presented in the paper [147]. These were engines with dis-
placement Vss = 6.8 dm3 and power Ne = 110 kW used for driving trucks, which were
exploited in similar conditions with an average mileage of 10,000 km per month. Changes
in combustion chamber tightness as a result of increased wear of engine cylinder liners
were determined on the basis of compression pressure measurements and the intensity
of exhaust gas blow-by into the crankcase. The measurements of the intensity of the
blow-by gases to the crankcase were carried out when the engine was idling and on the
chassis dynamometer at full engine load in the range of the crankshaft rotational speed
n = 1,570–2800 rpm. Until the car reached the mileage of 100,000 km, the measurements
were performed every 15,000 km, and after exceeding 100,000 km, every 50,000 km.

As a result of increased wear of the engine cylinder liners, the P-PR-CL junction
tightness decreases, and thus the pressure at the end of the ps compression stroke decreases
and the exhaust gas flow rate (blow-by) to the crankcase increases. With the mileage of
vehicles in the range of 0–500,000 km, the values of engine compression pressure decrease,
but a definite decrease occurs only after the mileage of about 80,000 km (Figure 45). The
measurement results were characterized by significant scatter.

The average compression pressure value after 500,000 km decreased by only 16%
compared to the value at zero mileage. Exhaust blow-by intensities increased significantly:
by 116% at idle, while the increase at full load was: 117% at 1570 rpm, 149% at 1880 rpm,
194% at 2200 rpm and 51% at 2800 rpm (Figure 46)

This was most probably due to the fact that the engines were being run-in during their
first period of operation. Above 50,000 km, the blow-by volume increased almost linearly
with the vehicle mileage. The values of the intensity of the exhaust gas blowing into the
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crankcase of a fully loaded engine (Figure 46b) have higher values, especially after the
mileage of S = 100,000 km.

Figure 47 shows the results of engine cylinder liner wear after bench and operational
tests [148]. The values of wear of cylinder liners during three reliable bench tests were
compared with the results of long-term operation of the same type of compression-ignition
internal combustion engine in a vehicle. Wear tests of cylinder liners of a 4CT90 internal
combustion Diesel engine were carried out for the following operating conditions [148]:

• Tests during long term operation (5 engines);
• Bench testing according to the “standard test” described in BN-79/1374-04;
• Tests on a laboratory test bench according to “heavy load test”;
• Tests on a laboratory test bench according to “start-up test”.

The object of this research was a 4-cylinder internal combustion engine with ZS 4CT90,
which is the driving unit of a Lublin delivery truck manufactured by WSK “Andoria”.
This is an engine with indirect injection, displacement Vss = 2.417 dm3, maximum power
63.5 kW at 4100 rpm, and maximum torque of 195 Nm at 2500 rpm.

In order to compare the obtained results of wear and tear of the test bench tests with
the wear and tear observed during operation of the vehicle (mileage of about 100,000 km),
it was assumed that 1 h of operation of the engine on the dynamometer during the “heavy
load test” and the “standard test” corresponds to the mileage of the vehicle of 60 km, while
start-ups take place every 7 km on average.

The average wear of the engine cylinder liners on the test bench after the “starting
test” represents 85.5% of the total average wear during engine operation in a vehicle that
has performed the same number of starts as during the starting test. For the “standard test”
and “heavy load test”, the average wear is higher and represents 103.4% and 107.5% of the
average wear during engine operation in the vehicle, respectively.

A comparison of the cylinder liner wear profiles shows that for both the “standard
test” and the “heavy load test” the highest wear values occurred near the upper and lower
reciprocating positions of the piston rings. Of all three bench tests compared, the wear
profile that was closest to the operating profile was obtained during the “start-up test”.

The increased wear of the cylinder liners in the TDC area is due to several reasons:

• The action of high exhaust gas temperature on the piston bottom and the first piston
ring, which causes a decrease in oil viscosity and a decrease in oil film thickness, and
consequently a transition from liquid to boundary lubrication;

• Low value of piston velocity (in TDC piston velocity is 0) which is the cause of decrease
of oil film thickness;

• Penetration of dust grains between mating surfaces of piston liner and piston rings,
which get into the upper part of the cylinder liner together with the intake air;

• Increased wear in the plane perpendicular to the engine axis.

The research on the influence of wear of piston-cylinder unit elements of five 4-cylinder
engines (Ne = 85.3 kW) on the changes of power, torque, specific fuel consumption and
exhaust gas toxicity was presented in the paper [44]. The study was conducted in two
stages: the first stage of the study involved running the engines in the run-in period for 10 h
at 1400–2800 rpm and variable load, the second stage lasted 21 h of engine operation and
consisted of seven 3-h cycles of 2 h 50 min full load at 2800 rpm and 10 min idle. During
the tests, test dust was dosed into the engine manifold at a rate of 1.3 g/h, corresponding
to an ambient dust concentration of approximately 8 mg/m3.

The tests showed noticeable differences between the engines in the obtained parame-
ters. Statistically, the average power output of the five engines after running-in and after
the full test slightly decreased by 2.5% from 83 to 80.9 kW. The same trend was observed for
the average torque, which changed from 285.5 to 277.9 Nm, also a reduction of 2.5%. Fuel
consumption increased by 3.6% from 364.3 to 377.4 g/(kWh), while total engine efficiency
decreased by 2.2% from 22.6% to 22.1%. A larger change was seen for exhaust emission
factors: CO increased by 35% and CH by 40.8%.
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The most reliable in the field of wear of engine elements are experimental tests con-
ducted on a real object. In the available literature, the results of wear of P-PR-CL engine
elements are presented, however, each researcher used an engine with different parameters
and applied a different testing methodology. Engine bench tests and in-service tests were
conducted. A common feature of these tests is the determination of the wear degree of the
P-PR-CL friction pair and the effects of wear in the form of blow-by in the crankcase, a
decrease in engine power and increased exhaust emissions. In engineering practice, the
parameter that determines the degree of wear of the P-PR-CL association and evaluation of
engine technical efficiency is the “pressure value at the end of the compression stroke”.

4. The Effect of Oil Contaminants on Engine Wear and Operation

Exterior contaminants, mainly mineral dust particles, are introduced into the engine
oil via the engine’s supply system together with air and fuel as well as during maintenance
work. As a result of the piston’s movement in the BDC direction, the rings scrape oil
together with mineral dust particles from the cylinder head into the oil sump. The engine
oil also contains internal contaminants such as particles of dust and metals that were not
removed during production, wear products of engine components, products of incomplete
combustion and products of chemical conversion. The concentration of contaminants in
oil is a function of the operating time of the oil in an engine and depends on: oil type and
properties, amount of oil added, type of oil filtration system, as well as operating conditions.
Contaminants in the oil of the lubricating system are distributed through the oil system
to those tribological areas of the engine that are lubricated, e.g., to the journal–crankshaft,
journal–camshaft, valve guide–valve stem combinations. Contaminants in the oil cause
scratches and damage to the mating surfaces (Figure 48). They may settle in the material
of bearing shells, and the effects of their presence in the form of abrasive wear will be
felt even after oil change, which is the basic form of removing contaminants from the
lubrication system.

 
          (a)                               (b) 

Figure 48. Wear view of pan (a) and crankshaft journal (b) of a car engine operated with a faulty air
filtration system [149].

The effect of oil change frequency on the intensity of wear of the P-PR-CL junction
and, consequently, on the decrease in pressure at the end of the compression stroke and the
decrease in power and increase in specific fuel consumption of the Cummins N 14 engine
was presented in [81]. The engine in which oil change was performed cyclically, every
25,000 miles, registered more than 18% decrease in power compared to the engine new and
the engine in which oil change was performed twice as often (Figure 49).

Along with oil and filter changes, contaminants that caused accelerated wear of
P-PR-CL association components were removed. Changing the oil at a lower frequency
caused the accumulation of contaminants and an increase in their concentration, and thus
increased wear of this association. This resulted in increased charge loss with leaks of the
P-PR-CL association during its compression in the cylinder. The loss of charge mass from
the cylinders is a decrease in engine inflation and power.
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Figure 49. Power change of Cummins N14 engine new and after various vehicle mileages with oil
changes every 12,000 and 25,000 miles. Figure made by the authors using data from [81].

The main source of contamination in engine oil are the dust particles that are carried
with the air into the engine’s cylinders and then transported to the oil sump by the piston
rings. There are also other contaminants in the engine oil: metallic wear products, carbon
deposits, and soot from the exhaust gases, fuel, and coolant. The grains that came into
contact between the surfaces of the piston rings and the cylinder liner and were involved in
the wear process may have crumbled into smaller grains and been smoothed out. Therefore,
their influence on the wear of those engine components that are lubricated with oil may be
different. The only way to reduce the effect of contaminants on engine components is to
use oil filters and to change oil and filters regularly.

5. Effects of Contaminants on Air Flow Meter Performance

One of the most significant sensors that are on an internal combustion engine is the
mass airflow (MAF) sensor used to measure the air entering the engine and determine the
exact amount of fuel to be injected. The MAF sensor is a device that directly measures
the mass of air entering the engine and sends a voltage signal to the engine control unit.
Electronic engine fuel injection systems use the MAF sensor to control the air/fuel ratio.
In doing so, they maintain the desired stoichiometric composition of the fuel mixture to
achieve the best balance between fuel economy and emission reduction. Therefore, a high
level of operational accuracy is required from the air flow meter sensor. MAF sensors are
calibrated under steady flow conditions without turbulence or vortices with a long straight
pipe to provide a turbulence-free, fully developed velocity profile. Unfortunately, these
flow conditions are not maintained when MAF sensors are used in engines. Air flow causes
turbulence around the sensor and interference with the sensor signal, resulting in unstable
mass flow measurements [150].

To measure the mass of air flowing into the engine, mainly two types of mass air flow
meters are used: with wire thermo-anemometer HLM (hot wire) and with layer thermo-
anemometer HFM (hot layer). As air flows past the hot wire, the wire cools, reducing its
resistance, which in turn allows more current to flow through the circuit. As the current
flows, the temperature of the wire increases until the resistance reaches equilibrium again.
The amount of current needed to maintain the temperature is directly proportional to the
mass of air flowing through the wire.

The basic element of the flowmeter is a cylindrical housing (Figure 50) through which
the air flow to the engine passes. The measuring element of the Bosch wire thermo-
anemometer flowmeter is a 70-μm-thick platinum wire stretched between the walls of the
housing perpendicular to the direction of the air stream flow.
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Figure 50. Air flow meter with wire thermo-anemometer: (a) general view, (b) measurement system
The figure was made by the authors based on data from [151].

Layer thermo-anemometer (hot layer) air flow meters are built with three main com-
ponents (Figure 51):

• The housing (measuring tube), which is built into the intake system after the air filter;
• A sensor (measuring element and electronics) located in the measuring tube;
• An inlet grid located at the inlet of the housing that protects against contaminants and

forces turbulent flow, similar to a wire thermo-anemometer flowmeter.

Figure 51. Bosch HFM6 type air flow meter: (a) general view (1—housing, 2—sensor, 3—inlet grille),
(b) sensor (4—measuring element, 5—electronics, 6—digital interface). The figure was made by the
authors based on data from [152].

The dust grains which are not stopped by the air filter move with the inlet air stream
into the engine cylinders with an average speed υz = 15–25 m/s, depending on the cross-
sectional area of the inlet duct. Some of the grains impact and some are deposited on the
measuring element, forming a kind of thermal shield. The “wire flow meters” in particular
are exposed to this type of contamination. The dust grains that are not stopped by the air
filter settle on the surface of the wire, which traps the dust grains like a filter fiber in a
porous filter baffle.

At the same time, the grains of SiO2 and Al2O3 minerals in the flowing air stream,
which are characterized by sharp edges and very high hardness, strike the gauge wire,
crippling and scratching its surface (Figure 52) and thus weakening the entire wire. A dust
grain with a diameter dp = 5 μm moving with a velocity υz = 15 m/s hits the measuring
element with a kinetic energy Ek = 1.56 × 10−10 J. A dust grain with a diameter dp = 80 μm
(in the case of a faulty filter) moving with the same velocity has a kinetic energy more than
4000 times higher.
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Figure 52. Flow diagram of dust grains hitting the heating wire of HLM air flow meter: 1—dust
grains with diameter dp < 5 μm, 2—heating element, de = 70 μm—diameter of the heating wire.

A malfunctioning filter or a leak in the air supply system causes accelerated wear
of the flow meter heating wire, which leads to its failure even after several thousand
kilometers. Over time, some of the dust grains are retained on the wire and form a layer
whose thickness increases with the number of incoming grains—Figure 53.

Figure 53. Diagram of dust grains deposition on the heating element (wire) of the LFM air flow
meter: 1—dust grains with diameter dp < 5 μm, 2—heating element, 3—layer formed by dust grains,
de = 70 μm—diameter of heating element (wire).

The resulting layer, whose basic component is silica SiO2, is a good insulator that has a
thermal conductivity coefficient of λs = 0.651 W/m-K, which is more than 100 times lower
than the thermal conductivity coefficient of the material (platinum λp = 71 W/mK) from
which the heating wire is made.

Moisture contained in atmospheric air can also settle on the measuring element. The
flowing air cools the dust-laden heating wire much less intensively. Thus, the value of the
current needed to heat the wire is lower. The information about the value of the air stream
sent to the on-board computer is different than if the heating wire was completely clean.

The engine intake air stream also contains contaminants in the form of:

• Oil particles which are fed into the air supply system via the crankcase ventilation
system, e.g., as a result of a defective oil separator;

• Carbon deposited in the flow meter due to a defective exhaust gas recirculation system.

These deposits on the measuring element of the flow meter are usually caused by
the reverse flow of the air stream in the direction from the engine to the air filter. These
backflows are most often caused by pulsations caused by cyclic intake of air to individual
engine cylinders during intake valve opening periods.
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Layer flow meters are more resistant to contaminations, since only a part of the air
stream flows over the measuring element. At the inlet and outlet of the casing there is a
mesh (Figure 54) whose task is to protect the inside of the flowmeter from contaminants
and also to force a turbulent air flow through the flowmeter throat.

Figure 54. Protective mesh of flow meter with layered anemometer: (a) damaged, (b) contaminated
with dust. The figure was made by the authors based on data from [153].

A view of the layered anemometer flow meter measuring element with mechanical
damage caused by mineral dust grain impacts is shown in Figure 55.

Figure 55. Mechanical damage to the measuring element of the layered anemometer flow meter due
to impacts of mineral dust grains. Figure made by the authors using data from [153].

Salt found in the intake air and coming from the ground can also be deposited on the
surface of the sensor layer, especially in winter (Figure 56).

Figure 56. Salt contaminated flow meter sensor measurement element with layered anemometer.
Figure made by the authors using data from [154].

Oil mist may settle on the gauge sensor (Figure 57). The presence of engine oil in
the air stream (load) is a consequence of the crankcase ventilation system. The exhaust
gases always contain a small amount of oil despite passing through the filtration system. If
the oil separator of the ventilation system is damaged, the amount of incoming exhaust
gas and thus oil is particularly high. The accumulation of such contaminants is generally
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caused by a backflow of the air stream in the direction from the head intake ducts to the
air filter. This backflow is usually caused by pulsation of the air stream with insufficiently
closed intake valves (or worn intake valves), through which the medium from the engine
cylinders enters during the compression stroke.

 
Figure 57. Oil-contaminated flow meter sensor measuring element with layered anemometer. Figure
made by the authors using data from [153].

Deposition of this type of contamination is generally caused by backflow of the airflow
in the direction from the head intake ducts to the air filter.

Figure 58 shows the results of laboratory testing of the Uw = f (Qm) characteristic of a
Bosch HFM5 stratified air flow meter whose measuring element was contaminated with
dust, followed by oil and dust. When the measuring element was contaminated with road
dust there was an approximately 12% (Figure 58), drop in the output voltage Uw over the
entire range of air flow Qm. In the case when the measuring element was contaminated
with oil and dust, the drop in output voltage Uw is much greater and for the maximum air
flow Qm = 526 m3/h is 50%.

Figure 58. Characteristics Uw = f (Qm) of HFM5 layer flowmeter made by Bosch, used in Nissan cars,
in working order and with the measuring element contaminated with dust.

Contamination of the flowmeter measuring element with road dust causes its isola-
tion because silica SiO2, which is the main component of dust, is a good insulator both
electrically and thermally. The layer of dust covering the measuring resistors is the cause of
reduced intensity of their cooling, which results in lower value of the current needed to
maintain a constant temperature difference between them. As a result, there is a decrease
in the output voltage Uw in relation to the output signal of the flowmeter in good condi-

42



Energies 2022, 15, 1182

tion. The higher value of the voltage drop Uw in the case of oil and dust contamination is
probably due to a thicker layer of dust deposited on the measuring element, where oil acts
as a binder.

In real engine operating conditions for lower values of output voltage Uw the on-board
computer reads lower values of the air flow and in order to maintain the appropriate compo-
sition of the mixture doses a smaller mass of fuel. As a result, the engine power decreases.

Dust grains which are sucked in together with the air have a destructive effect not only
on the friction couples of the engine but also on the measuring element of the air flow meter.
In the air supply system of the modern engine there is a turbocharger. The basic element of
this device are two rotors connected by a shaft. Rotor located in the exhaust system of the
engine acquires a rotational speed (about 240,000 rpm) from the exhaust stream, which is
transferred to the rotor located in the inlet system of the engine. High velocities of the air
stream flowing onto the compressor blades (50–80 m/s) and of the exhaust stream (over
300 m/s), high peripheral velocities of rotor units (200–500 m/s) cause that the dust grains,
upon contact with the surfaces of these elements, have significant kinetic energy which
results in high impact force of the grains. This results in tearing out metal microparticles
from the surface of the parts, violation of their surface structure and geometric shapes. The
main effect of the impact of the dust grains on the rotor is the accelerated erosive wear of
the rotor in the form of a change in geometry and deterioration of the smoothness of their
surfaces and, consequently, a decrease in the efficiency and durability of the engine. The
authors did not analyze this problem, as it is a topic for a separate article.

6. Conclusions

This paper provides a systematic review of the research progress in the field of the
influence of engine intake air pollutants on the accelerated wear of the elements of the
combination: piston, piston rings, cylinder (P-PR-CL) and plain bearing (journal–panel).
Commonly harmful for internal combustion engines in operation is road dust, which
enters the engine cylinders mainly with the intake air, causing accelerated wear, and thus
reducing their reliability and durability. The main components of road dust are silica (SiO2)
and corundum Al2O3, whose proportion in dust reaches 60–95. The hardness of these
components evaluated on the basis of the ten grade Mohs scale is 7 and 9, respectively, and
significantly exceeds the hardness of construction materials used in engine construction.

Only 10–20% of the dust mass which enters the engine with the air through the intake
system is deposited on the oil-coated cylinder liner walls. These are mineral dust grains
with a size of less than 2–5 μm, as this is the accuracy provided by the cellulose-based
filter materials commonly used. The dust together with the oil forms a kind of abrasive
paste, which penetrates between the mating surfaces of the engine parts, e.g., piston-piston
rings-cylinder wall, causing their abrasive wear.

As a result of the movement of the piston towards its bottom dead center (BTC)
the rings scrape oil and contaminants from the cylinder floor into the oil sump. After
reaching the lubrication system, the contaminants are distributed via the oil system to those
tribological areas of the engine that are lubricated by oil and thus subject to accelerated
wear. These include, for example, friction pairs: the “journal–cup” plain bearings of the
crankshaft and camshaft, and the valve guide–valve stem assembly.

This paper presents an extensive analysis of the effect of three basic dust parameters
(grain size and hardness and dust concentration in air) on the accelerated wear of the
friction pair: piston, piston rings, cylinder (P-PR-CL) and plain bearing (journal–cup). It
was pointed out that the wear values of the same component were obtained by different
researchers using different testing techniques and under different conditions and evaluated
by different indices. However, regardless of the different methodologies, the researchers’
conclusions are similar.
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(1) The most dangerous for two mating parts are dust particles whose diameter dp is equal
to the oil film thickness hmin between two surfaces at a given moment. In an internal
combustion engine, there are many mating parts lubricated by engine oil, where the
oil film thickness depends on the conditions and parameters of engine operation and
oil properties, and therefore takes on different values in the range hmin = 0–50 μm;

(2) Abrasive wear of engine components is mainly caused by particles of 1–40 μm, with
dust grains of 1–20 μm being the most dangerous. Grains smaller and larger than this
range cause the same amount of wear;

(3) Depending on the type of association, its components experience maximum wear
by a different range of particle sizes. It can be caused by different dynamic clear-
ances between moving parts as well as different operating conditions and different
measuring techniques;

(4) The upper piston ring and cylinder liner are most susceptible to abrasive wear. Max-
imum wear occurs at the top of the cylinder liner, in a plane perpendicular to the
crankshaft axis, where the ring reaches TDC. This is due to the particularly unfavor-
able conditions for liner-ring interaction at this point: high temperature (oil viscosity
drop) and low piston speed, the effect of normal force on the cylinder walls is greatest,
high pressure of exhaust gases on the rear wall of the rings. As a result, the value of
the oil film decreases significantly or disappears completely. This is the reason for the
occurrence of boundary friction and increased wear.

However, more reliable tests of wear of engine elements are those carried out during
experimental bench tests or during operation of engines in real car exploitation. Such
research is labor-consuming and expensive; hence, the number of research results in the
literature is insignificant. Excessive wear of the P-PR-CL junction elements causes several
unfavorable phenomena in engine operation. First, there is increased blowing of the
compressed charge and hot exhaust gases into the crankcase. As a result, the pressure
decreases at the end of the compression stroke, and as a consequence, the torque and power
of the engine decrease and the specific fuel consumption increases. Increased blow-by of
hot exhaust gases into the oil sump causes an increase in the temperature of the P-PR-CL
bonding elements and the oil, which in turn lowers its viscosity. As a result, the thickness of
the oil film decreases, and consumption increases. This phenomenon becomes particularly
important when the piston is located near TDC, where the conditions of oil film formation,
due to low piston speed, high temperature and high load, are extremely unfavorable. In
addition, hot exhaust gases containing soot and other contaminants flow into the crankcase
and adversely affect (degrade) the oil there.

An inherent phenomenon of complicated piston ring movements during their opera-
tion is pumping oil over the piston bottom into the combustion chamber. The burning oil
increases the emission of toxic exhaust components. It should be noted that blow-through
of compressed cargo and exhaust gases to the crankcase occurs in every engine, but with
the mileage of the vehicle and the progressive wear of the P-PR-CL combination elements,
this phenomenon increases and may have an impact on the increased emission of toxic
components of exhaust gases.

The unfavorable phenomenon of friction and wear of friction components of an engine,
resulting mainly from the presence of dust, is an inherent process of car engine operation.
This phenomenon can be minimized by:

• use of filtration materials with the use of nanofibers, which increase the effectiveness
and accuracy of engine inlet air filtration—grains above 1 μm,

• use of wear-resistant ring and cylinder surfaces by spraying
• Texturing of ring and cylinder surfaces,
• use of suitable lubricating oils and fuels.

Dust in the air drawn into the engine is trapped and deposited on the measuring
element of the air mass sensor. Other contaminants (moisture, salt, oil) also settle on
this element, but dust grains are particularly dangerous due to their hardness and sharp
edges. Firstly, the deposited layer of dust is mainly silica, which is a good insulator and
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deteriorates the heat exchange between the measuring element material and the flowing air,
which is the essence of the flow meter operation. The voltage generated by the flowmeter
then has a lower value than an efficient flowmeter, which the computer reads as a smaller
mass of air and dispenses a smaller mass of fuel. As a result, engine power decreases. In
addition, dust grains coming in at high speed scratch the surface of the airflow meter’s
heating wire and reduce its life, which combined with vibrations from the engine can cause
it to break.
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Abstract: The paper presents the problem of the effect of air filter pressure drop on the operating
parameters of a modern internal combustion engine with compression ignition. A literature analysis
of the results of investigations of the effect of air filter pressure drop on the filling, power and
fuel consumption of carburetor and diesel engines with classical injection system was carried out.
It was shown that each increase in the air filter pressure drop Δpf by 1 kPa results in an average
decrease in engine power by SI 1–1.5% and an increase in specific fuel consumption by about 0.7.
For compression ignition engines, the values are 0.4–0.6% decrease in power and 0.3–0.5% increase
in specific fuel consumption. The values of the permissible resistance of the air filter flow Δpfdop

determined from the condition of 3% decrease in engine power are given, which are at the level of
2.5–4.0 kPa—passenger car engines, 4–7 kPa—truck engines and 9–12 kPa—special purpose vehicles.
Possibilities of decreasing the pressure drop of the inlet system, which result in the increase of the
engine filling and power, were analyzed. The program and conditions of dynamometer engine tests
were worked out in respect to the influence of the air filter pressure drop on the operation parameters
of the six-cylinder engine of the swept volume Vss = 15.8 dm3 and power rating of 226 kW. Three
technical states of the air filter were modeled by increasing the pressure drop of the filter element. For
each technical state of the air filter, measurements and calculations of engine operating parameters,
including power, hourly and specific fuel consumption, boost pressure and temperature, were carried
out in the speed range n = 1000–2100 rpm. It was shown that the increase in air filter pressure drop
causes a decrease in power (9.31%), hourly fuel consumption (7.87%), exhaust temperature (5.1%)
and boost pressure (3.11%). At the same time, there is an increase in specific fuel consumption (2.52%)
and the smoke of exhaust gases, which does not exceed the permissible values resulting from the
technical conditions for admission of vehicles to traffic.

Keywords: internal combustion engines; air filter pressure drop; engine power; hourly and specific
fuel consumption; smoke opacity

1. Introduction

The basic task of the intake system of an internal combustion engine of a motor vehicle
is to supply air from the environment to the engine cylinders in appropriate quantities and
with appropriate pressure, temperature and density, so as to ensure the correct course of
the fuel combustion process in the cylinders and optimize the engine performance [1–4].
An engine requires at least 14.5 kg of air to burn 1 kg of fuel. When operating at rated
conditions, passenger car engines draw 150–400 m3/h of air per hour. For truck engines
this value is 900–2000 m3/h, and for a special vehicle engine e.g., Leopard 2 tank—more
than 6000 m3/h. The air is added to the combustion process in order to obtain the required
engine performance.

Various pollutants—gaseous and solid—get into internal combustion engines together
with the air. The basic component of mechanical impurities is mineral dust, which is lifted
from the ground to the height of several meters by the movement of vehicles or the wind,
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and then sucked in by the intake air intake [5,6]. The basic components of mineral dust are
SiO2 and Al2O3 grains, which are characterized by sharp edges, very high hardness and
account for 65–95% of the total dust mass depending on the type of substrate atmospheric
conditions [7,8].

In internal combustion engines, mineral dust grains are carried with the air into the
piston crown where they settle onto the surface of the cylinder liner and piston. Together
with the oil, the dust forms an abrasive paste which, when it comes into contact with the
surfaces of the engine components P-PR-C (piston–piston ring–cylinder), causes abrasive
wear. As a result of excessive wear of the “piston–cylinder” pair, there is a decrease in the
leak-tightness of the piston crown and the resulting drop in charge pressure at the end of
the compression stroke, and consequently a decrease in the engine’s compression ratio and
power as well as an increased blow-by of hot combustion gases into the oil sump, which
cause an increase in the temperature of the P-PR-C bonding elements and the oil. This leads
to a decrease in oil viscosity and to excessive wear of cylinder rings and cylinder liner [9].
To counteract this phenomenon, special composite (diamond-like and titanium) coatings
are applied to the piston ring surfaces [10–12].

From the point of view of abrasive wear, the most dangerous are dust particles, whose
diameter dp is equal to the thickness of the oil film hmin between two surfaces at a given
moment. In typical combustion engine associations, the oil film thickness hmin does not
exceed the value of 50 μm [9,12].

In order to minimize the wear of engine components, an air filter is installed in the
intake system, which ensures that the air supplied to the engine cylinders is of suitable
quality (purity) in terms of mechanical components. Air filters differ in principle and
method of operation, construction, type of filtration baffle and efficiency of operation. The
passenger car engines, which are operated at low concentrations of air dust, are equipped
with single-stage (baffle) filters, where the filtering element is a commonly used cartridge
(rectangular panel), made of pleated filter paper or non-woven filter cloth [13–15]. Engines
of trucks, special vehicles (tanks, armored personnel carriers, infantry fighting vehicles)
and working machines operating in conditions of high dust concentrations in the air are
usually equipped with two-stage filters. The first stage of air filtration is a multicyclone and
the second one is a cylindrical filtering insert which, due to space limitations and efforts to
increase the surface area of the filtering material, is made of pleated filter paper [16,17].

The other tasks of the air intake system are damping of the noise caused by the
air flow [18] and forcing the wave phenomena, causing so-called dynamic (resonant)
supercharging in the desired ranges of engine work, and thus increasing the cylinder
filling and engine power [19]. The other elements of the air supply system of the internal
combustion engine which are involved in the supply of air to the engine cylinders are: the
flow meter, the turbocharger, the charge air cooler, the air damper, the intake manifold,
the intake ducts in the head and the intake valves. The flow meter, located downstream
from the air filter, continuously determines the mass of air flowing and transmits this
information to the ECU (Engine Control Unit).

The purpose of the turbocharger (standard equipment in diesel engines) is to increase
the mass of working medium supplied to the engine’s cylinders by increasing the pressure
(and temperature) of the air sucked into the system. The air cooler lowers the temperature
of the charge air (its density increases) and thus increases the mass flow of the air supplied
to the engine cylinders. In order to measure the permissible resistance of the air filters
of trucks and special-purpose vehicles, sensors are used, which are mounted on the air
filter outlet duct. The crankcase ventilation system and the EGR (exhaust gas recirculation)
system are related to the air supply system.

A characteristic feature of baffle filters is that, during operation, as a result of deposition
and accumulation of dust particles in the filter bed, the filter pressure drop pf defined as the
static pressure drop behind the filter increases systematically (Figure 1). The intensity of the
increase of the pressure drop depends on the conditions in which the vehicle is operated,
and mainly on the dust concentration in the air and the engine operating time. The higher
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the value of the dust concentration in the air sucked into the engine, the faster the filter
reaches the permissible value—Δpfdop. The dust retention process is strongly dependent
on the size of the incoming particles [20,21]. As the number of fine particles arriving with
the air on the filter bed increases, which are characterized by a larger surface area per unit
mass than particles of large size, a layer of difficult permeability forms on the filter layer.
Therefore, the pressure drop of the filtration bed increases rapidly and the filter service life,
limited by the Δpfdop value, becomes shorter [22,23].

Figure 1. Changes in filtration efficiency and pressure drop of baffled air filter during operation:
1—low air dustiness, 2—high air dustiness.

The filtration process is also strongly dependent on the type of pollutants. Soot coming
mainly from engine exhaust emissions very quickly forms a tight, greasy layer on the
surface of the fibrous filter bed, which results in a more intensive increase in pressure drop
and a faster attainment of the Δpfdop value [24].

When the dust absorption capacity of the filter bed is exhausted (Point 1 in Figure 1),
there is a sharp increase in the pressure drop of the air filter. The filter pressure drop Δpf
corresponding to the pf value is called the permittivity resistance Δpfdop.

As dust settles inside or on the surface of the filter material, the air flow rate tends to
decrease due to increasing resistance to air flow through the filtration system. Operating an
engine with an air filter with increased pressure drop causes a decrease in fill and torque,
resulting in a decrease in maximum engine power. The result is a reduction in the dynamic
properties of the vehicle. The high resistance of the air filter and the significant negative
pressure created behind the filter can cause the forces of detachment to exceed the forces
of adhesion of the grains to the filter substrate, resulting in the dust being detached in
an avalanche (so-called secondary emission) and being sucked into the engine cylinders
along with the air, causing accelerated wear of the P-PR-C elements. In extreme cases, a
high pressure drop may cause mechanical damage (rupture, cracking) of the filter insert
(Figure 2), which will result in intensive wear of the engine elements.

Figure 2. Effects of operating an air filter beyond the permissible resistance: (a) excessively contami-
nated filter element, (b,c) filter element failure.
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For this reason, when the filter reaches a certain resistance value, it is necessary to
service the air filter by replacing the filter cartridge. In passenger cars, due to low values
of dust concentration in the air and thus small increments of the filter pressure drop, this
operation is performed depending on the mileage of the vehicle or its operation time. These
values vary considerably, depending on the design specifics of the engines and the car
manufacturer, ranging from 15,000–90,000 km or from one to 4 years [25,26].

According to the authors of [27,28], in the case of passenger cars, the air filter should
be replaced when the increase in the pressure drop reaches 1.0–2.5 kPa. The research
presented in [29,30] has shown that the replacement of the filter insert, depending on
the mileage of the vehicle or its operation time, may be premature—before the full dust
absorption capacity and the permissible pressure drop are reached, or too late. In this case,
the increased filter pressure drop will cause a decrease in engine filling and deterioration of
engine characteristics—a decrease in power output.

For trucks and special vehicles, which are operated in conditions of high and variable
concentrations of dust in the air, thus, the increase of the pressure drop is significant (by
5–8 kPa) and occurs with different intensities. Failure to replace the filter cartridge on a
regular basis, prolonging the mileage of the vehicle, results in an additional increase in the
pressure drop and, as a consequence, a significant drop in the engine power and reduction
of the vehicle’s dynamics. At the same time, the filter still provides high efficiency and
filtration accuracy.

For this reason, after the air filter of the engines of vehicles operating in conditions
of high dust concentration in the air, sensors are installed, signaling the achievement of
the set value of the permissible pressure drop Δpfdop, which is a signal to operate the air
filter. The value of the permissible resistance Δpfdop is determined from the condition of a
3% decrease in engine power and is 2.5–4.0 kPa—passenger car engines—4–7 kPa—truck
engines [31]—and 9–12 kPa—special purpose vehicles [32].

Technically, air filter life is commonly defined as the level of restriction that causes
the pressure on a passenger car filter to drop by about 2.5 kPa above the pressure drop
of a new (clean) filter. For trucks and special vehicles, Δpfdop values are assumed to be
about 6.25–7.5 kPa above the pressure drop of a clean air filter [33]. Therefore, efforts are
made to minimize the pressure drop of clean air filters to reduce engine energy loss and
extend vehicle mileage. Air filter performance is a technical trade-off between pressure
drop (vehicle mileage), filtration efficiency and accuracy, and engine wear and durability
and vehicle reliability [34,35].

In light of the comments made, it can be thought that:

(1) There are no unambiguously defined values of the engine power drop resulting from
the need to overcome the air pressure drop. Thus, it is impossible to determine the
resulting permissible values of the air filter pressure drop.

(2) The literature does not give unequivocally the nature of changes in the engine
performance—decrease in useful power, increase in smoke, increase in specific fuel
consumption and smoke of the engine exhaust, depending on the air pressure drop.

In the available literature, it is difficult to find a sufficiently complete picture of the
influence of the air pressure drop on the engine operation indicators, and in particular on its
performance characteristics. Such an assessment may be obtained during experimental tests
of the engine on an engine dynamometer or of the whole vehicle on a chassis dynamometer.
However, these tests are costly and labour-intensive, which explains the limited number
of results available. Nevertheless, it is the most reliable research method. In the available
literature, there are few experimental results available on the effect of the pressure drop
on the performance parameters of naturally aspirated carburetor and diesel engines with
classical injection system—with an in-line, sectional injection pump.

Electronically controlled direct petrol injection systems are commonly used to prepare
the mixture in modern high speed spark ignition internal combustion engines. They enable
precise control of the fuel dose and the beginning of fuel injection, which, together with
the information from the air flow meter, makes it possible to determine the optimum fuel
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mixture composition for the operating conditions, and, as a result, reduce the emission
of toxic exhaust components. Passenger cars are mostly equipped with spark-ignition
engines with direct injection of petrol and electronic control system, while truck engines are
equipped with high-pressure diesel injection systems such as common rail, electronically
controlled pump-injector systems. The engine ECU controls all the quantities that affect the
value of the generated torque produced by the engine, while at the same time meeting the
requirements in the area of exhaust emissions and fuel consumption throughout the life of
the vehicle.

In a modern passenger vehicle engine air supply system, there is a flow meter, most
often an HFM layer thermoanemometer, which measures the mass of air drawn in by the
engine and transmits the appropriate signal to the engine control system. In the exhaust
system, on the other hand, there is a λ probe, which continuously monitors the amount
of oxygen in the exhaust gases, and its signal is used to optimize the composition of the
mixture with regard to the content of toxic compounds in the exhaust gases.

Increasing resistance of the air filter during operation decreases the value of the mass
flow of air, which may cause disturbances in the process of mixture preparation and
combustion. In the available literature, there are no results of investigations of the influence
of the air pressure drop on the work of modern SI engine (spark ignition engine) as well as
compression ignition engine. In this paper it was decided to partly fill this gap by carrying
out experimental tests on an engine dynamometer on the influence of the air pressure drop
on the work parameters of a modern compression ignition engine used to drive a truck
tractor. The basic operating parameters of the engine were determined as a function of the
engine speed, including: power, hourly and specific fuel consumption, boost pressure. The
experimental study was preceded by a literature analysis of the influence of the pressure
drop of the inlet system, mainly the air filter pressure drop, on the engine filling and
operating parameters. The constructional possibilities of reducing the air filter pressure
drop and increasing the filling and power of the internal combustion engine were analyzed.

2. Literature Analysis on the Influence of the Inlet System Pressure Drop on the
Engine Operation

2.1. Factors Affecting the Value of the Engine Filling Factor

The effective power of a reciprocating internal combustion engine can be expressed by
the relation [36]:

Ne =
Wd·ρpow·Vs·i·n

Lt·k ·ηi
λ
·ηm·ηυ, (1)

where: Wd—fuel calorific value, ρpow—air density, vs.—cylinder displacement, i—number
of cylinders, n—engine speed, Lt—theoretical air demand, k—stroke number factor, λ—
excess air factor, ηi—indexed efficiency, ηm—mechanical efficiency, ηυ—filling factor.

From the above expression, it follows that the effective power of the reciprocating
internal combustion engine depends on many factors, and mainly on the filling factor ηυ,
which is determined from the relation:

ηυ =

.
mrz

.
mt

, (2)

where:
.

mrz—mean real flow rate of air supplied to engine cylinders in determined oper-
ating conditions and in time interval long enough to eliminate the influence of pressure
pulsations in intake duct,

.
mt—theoretical mass flow rate of air supplied to engine cylinders

in determined operating conditions.
The value of the engine filling factor is influenced by the following factors: thermody-

namic, structural and operational.
The thermodynamic factors of the charge in the cylinder are related to each other by

the relation [37]:

ηυ =
TH

pH(ε − 1)
·
(

ε
pN
TN

− pr

Tr

)
, (3)
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where: pH, TH—ambient pressure and temperature, pN, TN pressure and temperature at the
end of the filling stroke, pr, Tr—pressure and temperature of the rest of the exhaust gas,
ε—compression ratio.

The various thermodynamic parameters have different and not always unambiguous
effects on the value of the filling ratio. However, the influence of various factors on the
value of the filling ratio according to relation (3) does not lead to unambiguous conclusions.

An increase in the ambient temperature TH causes an increase in the temperature TN
at the end of the filling stroke, which in the presence of a constant ambient pressure results
in a decrease in air density and thus a lower mass filling of the engine cylinders.

The ambient pressure pH has a significant effect on the filling ratio. This is clearly
visible as the altitude at which the engine operates increases, which is associated with a
decrease in air density, as well as with a decrease in ambient temperature [37]. For example,
at an altitude of 1000 m above sea level, the pressure is pH = 893 hPa and is lower than
the pressure at sea level (1013.25 hPa) by 11%, and the ambient temperature TH by 2.4%,
resulting in a decrease in air density ρp by nearly 11%. The filling of the engine cylinders
also deteriorates by this amount.

According to the authors of [37,38], the filling ratio is affected more by thermodynamic
parameters at the inlet than by those at the outlet, especially by the end-of-fill pressure pN.
For fixed valve timing phases, the end-fill pressure pN depends mainly on the pressure
drop of the intake system ΔpU according to the relation:

pN = pH − ΔpU. (4)

Among the constructional factors, the pressure drop of the intake system has the greatest
influence on the filling factor of the internal combustion engine, which depends on:

(1) Air filter pressure drop Δpf—its value depends on the type of filter (baffle, cyclone)
and the degree of dust contamination of the filter element,

(2) Pressure drop of external inlet ducts ΔpD—its value depends on the cross-sectional
area and the quality (smoothness) of internal duct walls, the number and radii of
bends in the air path,

(3) Pressure drop of the assembly “intake seat—intake valve” ΔpGK—located in the head
channel, and its value will depend primarily on the lift of the intake valve hz, which is
assigned by the design angle of rotation of the crankshaft α. The value of the pressure
drop of the assembly “intake seat—intake valve” can be described by the function
ΔpG = f(α).

(4) Pressure drop of carburetor and throttle ΔpG—its value depends on the opening angle
of the mixture throttle.

Then the above relation takes the form:

pN = pH − (Δpf + ΔpD + ΔpGK+ ΔpG). (5)

For a given engine construction (valve timing, valve lift, piston speed, cylinder capacity,
compressor), at a constant speed and load, the maximum filling of the engine cylinders
will depend mainly on the air filter pressure drop pf, which increases its value during
the vehicle operation (Figure 1). The air filter pressure drop Δpf, which increases with the
operating conditions as a result of accumulation and deposition of pollutants on the filter
cartridge, will cause a drop in pressure pN at the end of the filling stroke, and thus in the
filling level. As a consequence, the mass of air delivered to the engine cylinders decreases.
In naturally aspirated compression ignition engines equipped with a classic in-line injection
pump, there is a decrease in the excess air coefficient λ (at the same fuel dose Ge = const).
For the compression ignition engines meeting the requirements not higher than EURO II
operating in the rated conditions, the coefficient should be equal to λ ∼= 1.4 [39], whereas
for the engines meeting the standards above EURO II, it is necessary to increase the value
of the coefficient to the value above 1.5–1.6 due to the necessity of reducing the particulate
matter emission [40]. At this value of the coefficient λ in the cylinders, there are good
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conditions for the preparation of the mixture, the initiation of the ignition, the course of
combustion and the release of heat, and thus the power achieved by the engine is the
highest. Reduced air mass (oxygen deficiency in the combustion chamber) causes the
fuel not to burn completely, which is one of the reasons for the formation of complete
and incomplete fuel combustion products. These are primarily: PM (particulate matter)
and CO (carbon monoxide), HC (hydrocarbons), NOx, (nitrogen oxides) which are toxic
components of the exhaust gas. There is a decrease in the efficiency of the engine and thus
its torque Mo and power Ne.

The most important operational factors affecting the engine filling are the engine speed
and its load, as well as the air pressure drop pf increasing during operation. In most of the
currently operated reciprocating engines, an increase and then a decrease in the filling ratio
ηυ is observed as the engine speed n increases. A typical waveform ηυ = f (n) for a naturally
aspirated spark-ignition and compression-ignition engine is shown in Figure 3.

(a) (b) 

Figure 3. Dependence of the filling ratio on the rotational speed n for naturally aspirated engines:
(a) spark-ignition, (b) compression-ignition.

Increasing of the filling level with increasing engine rotational speed of the SI engine
results from high kinetic energy of the flowing charge and dynamic supercharging. De-
creasing filling with further increase of engine speed occurs due to increasing pressure drop
of the intake system with increasing speed of the flowing medium according to the relation:

ΔpU = ξ
ρL·υ2

L
2

, (6)

where: ξ—dimensionless pressure drop coefficient of the inlet system, ρŁ—charge density,
υŁ—average charge velocity in the inlet system.

The influence of the engine load on the filling ratio varies and depends on the way
the fuel supply equipment is regulated. In the case of an SI engine, as the engine load
decreases and the throttle is closed, the resistance of the inlet system increases. This results
in a decrease in the filling level and thus a decrease in engine power.

2.2. Influence of Air Pressure Drop on Performance of an Internal Combustion Engine

In the available literature, the dependencies, which unambiguously define the nature
of the changes in the decrease of engine power depending on the increasing resistance of
the air filter, are not very often found. The results of experimental research on carburetor
or compression-ignition engines with classical injection systems—with a piston (sectional)
in-line injection pump—are the most common [41–48].

The characteristics of the filling ratio ηυ = f (n), power Ne = f (n) and torque Mo = f (n) of
the eight-cylinder naturally aspirated (Vss = 6.842 dm3) 359M compression-ignition engine
with the classical injection system are presented in Figures 4–6, for three different values of
the air filter pressure drop Δpf [41]. At engine speed n = 2800 rpm, the filter pressure drop
had the following values:
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• air filter pressure drop with clean filter insert—Δpf = Δpfo = 2.3 kPa.
• permissible air filter pressure drop—Δpf = Δpfdop = 6 kPa,
• air filter pressure drop—Δpf = 2Δpfdop = 12 kPa.

Figure 4. Dependence of fill factor and power of a naturally aspirated 359M diesel engine with classic
injection system for different values of air filter pressure drop. The figure was made by the authors
based on data from the paper [41].

Figure 5. External characteristics of a naturally aspirated 359M compression ignition engine with a
classic injection system for different air filter pressure drop (at constant speed n = 2800 rpm). The
figure was made by the authors based on data from the paper [41].

As the engine speed increases, regardless of the value of the air pressure drop, for
lower and medium engine speeds, the filling factor assumes almost constant values. At
higher engine speeds, a slight decrease of the filling ratio ηυ can be observed, resulting
from the increasing resistance to the flow caused by the increasing speed of the air flow.
This is, therefore, a typical characteristic curve of the filling factor ηυ = f (n) for the naturally
aspirated diesel engine. As the value of the pressure drop of the air filter increases from
Δpfo = 2.3 kPa to Δpfdop = 6 kPa, and then to Δpf = 2Δpfdop = 12 kPa, the filling characteristic
ηυ = f (n) shifts almost in parallel towards lower values ηυ (Figure 4). At engine speed
n = 2800 rpm, the filling factor takes the values: ηυ = 0.785, 0.695, 0.583. An increase in air
pressure drop by 1 kPa results in a decrease in the fill factor by 2.65% on average.
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Figure 6. Influence of the air pressure drop of the naturally aspirated 359M engine with classic
injection system on its operating parameters.

The decrease in the filling ratio causes a deterioration of the engine performance: a
decrease in torque M0 and power Ne and an increase in specific fuel consumption ge. The
family of curves Mo = f (n), Ne = f (n) and ge = f (n) for pressure drop values: Δpf0 = 2.3 kPa,
Δpfdop = 6 kPa, 2Δpfdop = 12 kPa are shown in Figure 5.

An increase in air filter pressure drop in the range of 2.3–12 kPa, during engine
operation at engine speed n = 2800 rpm and 100% load, causes a decrease in the filling
factor by 25.7%, in power by 7.16%, and an increase in specific fuel consumption by 8.49%.
An increase in the air pressure drop by 1 kPa causes an average decrease in the filling factor
by 2.65%, a decrease in power by 0.739% and an increase in specific fuel consumption by
0.876% (Figure 6).

Reducing the coefficient ηυ, and thus of the mass of air supplied to the engine cylinders
at the same fuel dose (n = const, Ge = const.) resulted in the decrease of the excess air
coefficient λ from 1.36 at Δpf0 = 2.3 kPa to λ = 0.96 (at Δpf = 12 kPa). For the diesel
engine working in the rated conditions (in such conditions the tested engine worked),
this coefficient should have the value λ = 1.4 [39]. At this value of the coefficient in the
engine cylinders there are good conditions of the mixture preparation, ignition initiation,
combustion process and heat release, and thus the engine power is the highest. Increase of
the air pressure drop disturbs the mentioned phenomena. Lack of air causes the fuel not to
burn completely, resulting in a decrease in engine efficiency, and consequently a decrease
in torque Mo and power Ne.

Figures 7 and 8 show the results of the study of the effect of the air filter pressure drop
Δpf on the external characteristics of the effective power Ne and specific fuel consumption
ge of the diesel engine of a special vehicle [42].

This was a 12-cylinder (V-system) naturally aspirated engine with a displacement of
38.88 dm3 and a rated power of 430 kW (580 hp) at n = 2000 rpm, with a classical injection
system and a multi-range speed controller (direct fuel injection, 4 valves per cylinder). It
can be seen from the presented graphs that the effect of pressure drop is only visible when
Δpf = 6 kPa is reached. Further increase of the air pressure drop already causes a significant
decrease in engine power and an increase in specific fuel consumption, as well as a parallel
shift of the external characteristics of power and specific fuel consumption towards lower
values of Ne power, as well as fuel consumption ge, with a simultaneous shift towards
lower rotational speeds. At pressure drop Δpf = 26.7 kPa, the engine operates in the speed
range 1000–1800 rpm [42].
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(a) (b) 

Figure 7. Influence of air filter pressure drop Δpf on the characteristics of: (a) specific fuel consump-
tion, (b) effective power of a twelve-cylinder, naturally aspirated W-55 compression ignition engine.
The figure was made by the authors based on data from the paper [42].

Figure 8. The effect of air filter pressure drop Δpf on the power drop of a naturally aspirated diesel
engine W-55 different speeds.

As the air filter pressure drop Δpf increases (at a constant speed on the external charac-
teristic curve), the percentage decreases in ΔNe engine power increase parabolically. The
decrease in power is greater the lower the motor speed is. For pressure drop Δpf = 26.7 kPa,
the power drops ΔNe take the values: 11.75% at 2000 rpm and 20.6% at n = 1400 rpm and
32.7% for 1200 rpm (Figure 8).

The paper [43] presents an experimental study of the effect of air pressure drop Δpf on
the filling factor ηυ and smoke opacity of a turbocharged, six-cylinder (Vss = 6 dm3), diesel
engine T359E with a classical injection system.

The tested engine, being a driving unit of a truck, was equipped with an air filter with
a cylindrical paper cartridge. The effect of four technical states of the air filter, differing in
pressure drop, was studied. State number one—Δpf = 3.1 kPa—filter with a clean paper
insert. Number two, three, four—Δpf = 11, 18.7, 24.7 kPa, respectively (Figure 9). The
pressure drop values were due to the different contamination state of the three paper
filter cartridges.

The engine filling factor ηυ was determined using relation (2). To measure the real mass
flow rate of the air

.
mrz supplied to the engine cylinders, the HFAM-1000 flowmeter (with

hot wire) with the measurement range of 10–1200 kg/h and measurement accuracy of 5%
was used. For measurement of the engine smoke opacity, the MDO-2 absorption opacimeter
was used, with the measuring range of the light absorption coefficient of 0–10 m−1 and
accuracy of 0.01 m−1.
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Figure 9. Flow characteristics Δpf = f (n) for different air filter conditions in the engine speed range
n = 650–2650 rpm and without external engine load [43].

The tests were carried out using the method of free acceleration of the engine loaded
with its own resistance moment and its total moment of inertia, hereinafter referred to
as the “dynamic characteristics” method [44]. This method enables the determination
of the instantaneous value of the engine torque without loading it on the dynamometer
bench. The determination of this engine parameter consists of the precise determination of
the course of the crankshaft angular accelerations during the engine acceleration process,
resulting from the step change of the fuel supply to its cylinders.

The effect of the air pressure drop Δpf on the variations of the air flow rate supplied to
the engine cylinders is shown in Figure 10. The maximum value of the air stream (at the end
of the acceleration process) is about 685 kg/h for the air filter pressure drop Δpf = 3.1 kPa.
For the remaining states (two, three, four) of the air filter, the air flux values were observed
to be respectively smaller for each state. For state number four, the air flux mpow = 500 kg/h.
This is 25% less than for the air filter with a clean filter cartridge.

Figure 10. Mass flow rate of air
.

mrz entering the engine at different air filter condition as a function of
time t of engine acceleration. The figure was made by the authors based on data from the paper [43].

The decrease in the amount of air supplied to the engine cylinders primarily results in
a decrease in the filling ratio ηυ, and thus in power output. The changes of the filling degree
ηυ for the recorded values of the air flow

.
mrz are shown in Figure 11. At the final stage

of the engine acceleration process for the air filter with a clean filter insert (state number
one) the filling degree is ηυ ≈ 1.02. With the increase of the pressure drop the filling degree
takes on smaller and smaller values, respectively: ηυ ≈ 0.90; 0.81; 0.75—Figure 11. Thus, an
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increase in the resistance Δpf by 1 kPa causes a decrease in the filling degree by 1.49, 1.29
and 1.23%, on average.

Figure 11. Changes in fill factor ηυ as a function of time t of acceleration of the T359E engine at
different values of air filter pressure drop—filter element contamination degree. The figure was made
by the authors based on data from the paper [43].

Decreasing the filling degree, causes at the same fuel dose a decrease in the value of
the excess air coefficient λ. It causes disturbance in engine work. It causes deterioration of
conditions of mixture preparation, ignition initiation, combustion process and heat release,
and thus decrease of engine efficiency, its torque and power.

An eight-fold increase in the resistance Δpf over the initial resistance Δpf0 results
in a two-fold increase in the smoke opacity of the T359E engine (increase in the light
absorption coefficient) to k = 0.81 m−1. For the T359E engine, this does not cause exceeding
its maximum value—kmax = 3.0 m−1.

The paper [45] presents fuel consumption and exhaust emissions during operation of
a carburetor engine with and without an air filter (Figure 12). When the engine is operated
with a constant load in the speed range from 1500 to 2500 rpm, the hourly fuel consumption
with an air filter increases from 0.687 to 1.028 dm3/h, i.e., by 49.6%. On the other hand,
when operating the engine under the same conditions but without air filter, the hourly fuel
consumption increases by only 35.2%.

(a) (b) 

Figure 12. Effect of air filter pressure drop on: (a) fuel consumption at constant load, (b) air intake
gauge pressure at constant load. Figure made by the authors using data from [45].

The air inlet pressure for the variant with air filter assumes slightly smaller values
than that without air filter, especially when the engine is running at n = 1500 rpm and
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n = 2000 rpm—Figure 12. For the first case it is 31.2%, and in the second case it is 15%
of the pressure without air filter. At n = 2500 rpm the inlet pressure with air filter has
only a slightly lower value than the inlet pressure without filter. The higher inlet pressure
promotes more efficient filling of the engine cylinders. Therefore, it is necessary that
the air filter element be changed regularly. A clean filter cartridge guarantees a higher
inlet pressure.

At the same time, the authors’ study [45] shows that engine operation without an
air filter is characterized by a higher volume percentage of CO2 and NOx in the exhaust
gas. The operation of the engine with a constant load, in the rotational speed range
1500–2000 rpm (without filter), causes that the volumetric share of CO2 in the exhaust gases
being only 7.7 and 12% higher than for the operation with an air filter. For the speed of
2500 rpm it is 25% more. This is because, due to the lack of an air filter, more air mass flows
into the engine cylinders. The excess air causes the fuel to burn completely and completely,
producing more CO2 as a result.

The effect of the air filter on the NOx concentration in the engine exhaust is similar.
Running the engine with a constant load at 1500, 2000 and 2500 rpm (without filter), results
in a volume fraction of NOx in the exhaust, respectively, of 51.7, 8.1 and 20.2%, higher than
for during operation with air filter. The formation of NOx in the engine is influenced by
the maximum temperature and pressure of the combustion process. Without air filter the
combustion process is more efficient, which leads to higher temperature and pressure of the
gases produced during the process. The higher temperature and pressure in the cylinder,
which are caused by more efficient combustion, promotes the formation of more NOx.

The paper [46] presents the results of research on the effect of three variants of the
baffle filter on the characteristics of the UTD-20 internal combustion engine of a special
vehicle. This is a compression-ignition engine with displacement Vss = 15.8 dm3 and power
rating of 226 kW with a classical fuel injection system. Tests performed on a dynamometer
stand included the comparison of effective parameters obtained for maximum load of the
engine equipped with a standard air filter (S variant), with two other variants of the filter
and engine operation:

S—standard filter, Δpfdop = 13.2 kPa—at engine speed n = 2600 rpm,
A—upgraded filter (lower pressure drop by about 8 kPa), Δpfdop = 4.9 kPa—at engine

speed n = 2600 rpm,
B—modernized filter—operating with the engine with increased (about 7%) fuel dose.
The test results in the observations of these characteristics: external effective power

Ne, torque Mo, hourly Ge and specific fuel consumption ge, which are shown in Figure 13.

(a) (b) 

Figure 13. External characteristics of (a) effective power Ne and torque Mo, (b) hourly Ge and specific
fuel consumption ge of the UTD-20 engine. The figure was made by the authors based on data from
the paper [46].
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The engine working with air filter (variant A—lower pressure drop) obtained, in the
whole speed range, an insignificant increase of effective parameters in comparison with
the engine working with filter—variant S. The increase of power and torque is in the range
of (0.4–1.2%), with lower values referring to the speed range 2300–2600 rpm. At the same
time, lower (on average 1.5%) specific fuel consumption was obtained.

For the engine with an increased fuel dose and with the modernized air filter (variant
B), in comparison with variant S, a significant increase in power and torque was obtained:
over 2% for 1600 rpm and over 10% for 2200–2600 rpm, with a slight (2%) increase in
specific fuel consumption. The increase in engine power occurred as a result of an increase
in fuel delivery and increased air mass resulting from a decrease in air filter pressure
drop—indicating an increase in engine filling.

According to the authors of the paper [46], an increase in the pressure drop in the
intake system by an average of 10 mm Hg (1.36 kPa) causes a decrease in the power of
the Jamz-240N engine by 3.68–4.41 kW and an increase in specific fuel consumption by
2.72–4.08 g/kW/h. The author of the work [47] states that an increase in air pressure
drop by 1 kPa causes a decrease in power and an increase in specific fuel consumption
in engines with diesel engine (0.3–0.4%) and about 1.3% in engines with SI. The authors
of the work [49] state that the turbine engine is more sensitive to the decrease in inlet
pressure caused by the installation of air cleaning devices than reciprocating engines, and
each increase in the airpressure drop at the inlet to the turbine engine by 0.5 kPa causes a
decrease in its rated power by 1%.

In work [50], the effect of two types of air filter (variant A—standard filter, variant
B—filter with a new structure), on the load and speed characteristics of a single-cylinder
engine with a diesel engine was studied (Figures 14 and 15). Air filter B is much larger in
size than filter A, thus has a lower pressure drop. The effective power, torque, specific fuel
consumption, smoke, oil temperature and engine exhaust temperature were investigated
and analyzed and compared with the parameters of engine operation without an air filter—
variant W. As expected, the engine operating without air filter obtained the highest power
and torque and the lowest fuel consumption. The operation of the engine successively with
the filter A and B causes a shift of the characteristics Ne = f (n) i Mo = f (n) almost parallel in
the direction of smaller values, and the characteristics ge = f (n) in the direction of larger
values, in the whole range of engine rotational speed—Figure 14. When the air filter is not
used, the maximum torque is Momax = 75.3 Nm at 1500 rpm. When the engine is operated
with air filter type A, the maximum torque decreases to 72.5 Nm and the fuel consumption
is ge = 234.2 g/(kWh). With air filter type B, the torque increases to Momax = 73.6 Nm at
1500 rpm and the fuel consumption decreases to ge = 230.8 g/(kWh). This is 1.6% more
torque at Momax and 1.5% less fuel consumption than the engine with air filter type A.

Figure 14. Torque Mo and specific fuel consumption ge as a function of engine speed n. Figure made
by the authors based on data from [50].
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Figure 15. Effective power Ne and specific fuel consumption ge as a function of engine speed n. Figure
made by the authors based on data from [50].

The maximum power increases by 1.1% when a newly designed type B air filter is
used when compared to type A air filter. The maximum smoke value (light absorption
coefficient) during engine operation without air filter, with air filter type A and with air
filter type B is: k = 1.7, 2.36 and 2.0 m−1 respectively.

The paper [51] experimentally and numerically studied an air filter with a pleated filter
cartridge with different parameters to improve the performance of a compression ignition
engine. It was investigated what effect the paper cartridge parameters pleat height, pleat
spacing, pleat shape (flat pleat, V-shaped pleat, and sinuous shape), filter paper thickness
and air flow velocity have on reducing filter pressure drop. A filter media optimized for
least pressure drop was designed. An experimental study was conducted on the effects
of three air filters: dust contaminated filter, clean standard filter and optimized filter on
engine performance. The results showed that the filter with the optimized sinusoidal air
cartridge had the lowest pressure drop (Figure 16). The optimized filter also provided the
lowest exhaust temperature of 218 ◦C and the lowest fuel consumption of 290 g/kWh [51].

(a) (b) 

Figure 16. (a) variation of engine specific fuel consumption versus engine torque with different
types of filters at constant engine speed n = 2000 rpm, (b) optimization between engine specific fuel
consumption and pressure drop versus engine speed with different types of filters at constant engine
torque Mo = 197 Nm. The figure was made by the authors based on data from the paper [51].
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It was found that specific fuel consumption decreased with increasing engine torque
for all filter types at constant 2000 rpm (Figure 16a). The optimized filter, due to the lowest
pressure drop, provided lower fuel consumption, while the dirty filter was the cause of
higher fuel consumption at the same engine torque and speed values. At a specific engine
torque value of 163 Nm, the fuel consumption of the optimized filter was 262 g/kWh, while
that of the standard and dirty filter was 281 and 344 g/kWh, respectively. Operating the
engine with the optimized filter results in a decrease in fuel consumption when compared
to the standard and dirty filter of 6.7% and 23.7%, respectively.

The intersection point of the relationship between pressure drop and specific fuel
consumption, at a given engine speed and torque, was used as the optimization criterion.
For the optimized pleated air filter, the recommended optimization point is located at point
A (Figure 16b), where the specific fuel consumption was 290 g/kWh at a pressure drop of
205 Pa and an engine speed of 1450 rpm.

On the other hand, for the standard air filter (with pleated cartridge) and the air filter
with dust contaminated cartridge, the optimization criteria were located at the intersection
points B and C, for which the values of specific fuel consumption of pressure drop are
higher—Figure 16b. The optimized pleated air filter with lower resistance than the others
provides minimum fuel consumption at high engine speed and lower pressure loss.

The presented analysis shows that an increase in the air filter pressure drop Δpf by
1 kPa results, on average, in a decrease in engine power by SI (1–1.5)% and an increase
in specific fuel consumption by about 0.7. For compression-ignition engines, these val-
ues are respectively a (0.4–0.6)% decrease in power and a (0.3–0.5)% increase in specific
fuel consumption.

The author of the paper [52] states that each increase in the pressure drop in the air
filter inlet to the compressors by 10 kPa causes an increase in energy consumption by 1%.

2.3. Possibilities for Increasing the Filling and Power of the Internal Combustion Engine

Pleated filter media show great potential for reducing pressure drop at the design stage.
Lower filter pressure drop translates directly into increased fill and engine power. The
great interest in this problem is manifested by a significant number of both numerical and
experimental studies conducted [53–61]. It turned out that each pleated filter element had
an optimum number of pleats, for other fixed parameters, at which it showed a minimum
pressure drop.

For example, numerical studies performed by the authors of the paper [53] showed
that there is an optimum number of pleats for clean filters for which the pressure drop
reaches a minimum, regardless of the in-plane orientation of the fibers. At the same time,
triangular pleats result in a smaller pressure drop. After accounting for particle deposition,
the intensity of the increase in pressure drop decreases as the number of pleats increases. A
larger number of pleats results in a higher flow velocity inside the pleat channels, which
causes a greater inhomogeneity of dust deposition on the pleats. It was observed that this
effect is less pronounced when the pleats are triangular in shape.

The author of this paper [54] analyzed the fluid flow through the pleated medium air
filter of a four-cylinder spark ignition engine by performing experimental and computa-
tional fluid dynamics (CFD) analysis to reduce the pressure drop. It was found that the
filter with triangular pleats achieves higher filtration efficiency and lower pressure drop
than the filter with rectangular pleats.

For example, a numerical methodology for predicting the pressure drop in an air
filter with a pleated filter element was presented in [55]. It was found that pleat geometry
and inlet velocity are key parameters for filter element optimization. The optimum pleat
pitch to achieve minimum pressure drop was determined and found to be significantly
dependent on pleat height.

The authors of the paper [56] developed a macro-scale CFD simulation to investigate
the optimal pleated air filter design under dust loading conditions. It was found that
the optimum pleat density in the clean condition can lead to higher pressure drop and
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energy consumption during the filtration process involving dust. It was observed that the
optimum dust deposition resulting from pleat density depends on the pleat height and is
lower with higher pleat height.

In [57], a numerical study was presented on the pressure drop and filtration efficiency
of an air filter having different numbers of rectangular and triangular pleats in both depth
and surface filtration regimes with 1, 5 and 10 μm diameter particles and in the filtration
velocity range of 0.5–5.0 m/s. It has been shown that filters with rectangular pleats can
potentially provide better performance than their triangular counterparts at high dust loads.

The authors of the paper [58] numerically and experimentally evaluated the effect of
the geometric features of pleats on the performance of fiber filters in the deep filtration
phase of submicron aerosols. The paper [59] presented simulation results of the effect of the
shape of pleats made of different filter materials on the pressure drop of a pleated air filter.

The paper [60] presents the study and optimization of different samples of pleated
filter elements by varying the angle between pleat sides, pleat length and number of pleats.
The highest filtration efficiency was obtained when the dimensionless pleat coefficient,
defined as the quotient of pleat height (vertical distance from the pleat top to the base),
and pleat pitch (distance between pleat tops) reached a value of 1.48. Above this value, a
systematic increase in filter pressure drop was noted.

On the other hand, the authors of the paper [61] optimized the pleat geometry of
automotive filters using the developed dimensionless model. Pressure drop on clean
pleated filters was determined taking into account the geometric characteristics of the
pleats (distance between pleats 1–3.5 mm, pleat heights 27, 32, 40, 48 mm and filtration
velocity in the range 0.01–0.10 m/s). It was found that for a given pleat height and a
constant air flow, there is such a width between the pleats for which the pressure drop
reaches the smallest value.

The length, diameter and inner surface finish of the inlet pipes directly affect the
resistance to flow of the medium. Intake pipes have a complex geometry, in part because
of the space available around the engine. The geometry of the intake system affects the
mass flow of air, which is hindered by interference from pressure fluctuations generated by
moving pistons and valves. In order to improve engine filling, increase engine performance
and reduce fuel consumption, research work is carried out including: optimization of the
geometry of the intake system components, particularly the length of the intake mani-
fold [62–65], use of a Helmholtz resonator to generate pulsatile flow in the engine intake
manifold [66,67], exploitation of airflow dynamics in the form of wave phenomena and
pressure wave resonance in the intake system of an internal combustion engine resulting
from cyclic opening and closing of valves [19,68,69], generation of pulsatile flow in the
exhaust manifold by changing the length of the exhaust pipe [70].

The authors of the paper [71] obtained an increase in engine performance and a
decrease in fuel consumption of a naturally aspirated engine by optimizing the airbox ge-
ometry. The effects of inlet diameter, airbox volume, throttle diameter and intake manifold
length were analyzed. The following optimal intake system component dimensions were
determined: intake diameter 81.07 mm, airbox volume, throttle body diameter 44.63 mm
and intake manifold length 425 mm. This allowed for maximum engine performance
(torque and power) and minimum fuel consumption.

The authors of the work [2] believe that the air flow in the intake system is disturbed
by the tapering and diverging of the system components, which can lead to sudden acceler-
ation and deceleration of the flow and cause excessive turbulence and pressure drop in the
intake system, which affect the pressure drop and thus reduce the engine performance.

In [63], the effect of changing the length (volume) of the intake manifold on the
performance of a ZI engine with multi-point injection system and electronically controlled
fuel injectors was experimentally investigated. The results showed that changing the length
of the intake manifold results in improved engine performance characteristics, especially
fuel consumption at high load and low engine speeds. Therefore, a variable length intake
manifold is indicated especially in urban and suburban areas (roads) where there are
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frequent stopping and accelerating under starting conditions. It was determined that the
length of the intake manifold should be increased for low engine speeds and shortened as
the engine speed increases.

Similar conclusions were reached by the authors of the paper [64], who studied
on a dynamometer bench the effect of the length and diameter of the inlet pipe on the
performance of the SI engine. The experiments were carried out in the engine speed
range 1500–6500 rpm. Three intake pipe lengths (0.3, 0.6 and 0.9 m) and three intake pipe
diameters (0.044, 0.053 and 0.067 m) were investigated on intake air mass flow rate and
fill factor, torque, power, thermal efficiency and specific fuel consumption. The results
showed that at low engine speeds, the intake pipe with longer length and smaller diameter
provided the best engine performance. On the other hand, the intake pipe with shorter
length and larger diameter provided the best engine performance at high engine speeds.
The length and diameter of the intake pipe have no clear effect on specific fuel consumption
and thermal efficiency of the engine.

In order to improve engine filling, the authors of [66] experimentally investigated
the pulsatile flow characteristics in the engine intake manifold involving a Helmholtz
resonator with variable internal volume. Using an electronic control, the internal volume
of the resonator was changed and adjusted to the valve operating frequency and the intake
manifold natural frequency. The results showed that the internal volume of the resonator
and the frequency tuning affect the mass flow rate of the air in the intake system. For a
fixed volume, the average increase in mass flow rate was 17.8%, and when the volume was
tuned to the valve frequency, the average increase was 24.7%. The highest intake air mass
flow rate was increased by 31.5% when the resonator was tuned to the system frequency.

The authors of the paper [19] presented the effect of variable valve timing and valve
lift on internal combustion engine performance and fuel consumption. The valve lift and
valve profile, which are the main factors affecting the dynamics of the gas pressure wave in
the combustion chamber, were changed at all engine speeds in order to obtain an enhanced
pressure wave that increases the filling of the engine cylinders. As a result of changing the
above parameters, engine torque and power increased by an average of 6.02% over the
entire engine speed range. In the lower speed range of 3000–4000 rpm the improvement is
about 18.72%.

The paper [68] presents the performance increase obtained by fine tuning the intake
system of a spark ignition engine over its entire speed range. During numerical tests, the
diameter of the intake manifold and the timing phases of the intake valves were changed.
When only the intake manifold diameter was changed and optimized for each engine speed,
an improvement of approximately 8.5% in fill factor was obtained over the performance of
the factory engine. Changing the intake valve timing phases at each engine speed resulted
in a fill rate improvement of about 3%. However, combining a change in intake manifold
diameter with a change in intake valve timing produced an improvement of about 12%.

In [69], the individual and combined effects of varying intake manifold length and
intake valve lift on internal combustion engine performance at engine speeds from 3000 to
9000 rpm were studied. The resulting combined effect shows an average power improve-
ment of 7.02% over the entire engine speed range.

In [70], the effect of tuning a pulsating sound wave produced over a wide range of
speeds in the exhaust manifold on the power and torque of a single cylinder SI engine
was analyzed. The simulation results were compared with standard data obtained during
engine testing. An average of 7% increase in torque and 6% increase in horsepower was
observed with constant change in tailpipe length. With a constant change in tailpipe
diameter, a 6% increase in torque and power was observed. A combination of changes in
exhaust pipe length and diameter resulted in 8.5% increase in torque and 9% increase in
power, respectively.

A particular way to increase engine cylinder filling is to reduce the air temperature
in the intake system by using an insulating layer between the engine and the intake
system [71]. Insulating the intake system resulted in an increase in intake air density and
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an increase in fill factor of 5.88%. The mixture throttle opening with the isolated intake
system required to achieve the same engine speed was reduced by about 19.8%.

From the above analysis, it can be seen that there are many feasible technologies and
ways to increase engine fill and power, which boil down to reducing the pressure drop
of the intake system, and this includes reducing the pressure drop of the air filter in its
design phase.

It should be stated that, as of today, in the available literature there are no results of
investigations of the influence of the flow resistance in the inlet system on the performance
of a modern diesel engine used for driving trucks and truck tractors currently travelling
on the roads and constituting the basic means of transporting goods. Therefore, it is
purposeful to determine experimentally the relation between parameters of operation of
the inlet system of a modern truck engine and its performance in terms of changes in
emission of particular components of exhaust gases and traction properties of the vehicle.

3. Experimental Study of the Influence of the Air Filter Pressure Drop on the
Performance of the Diesel Engine

3.1. Aim and Subject of Research

The objective of this study was to experimentally evaluate the effect of air filter
pressure drop Δpf on the performance parameters of a modern diesel engine with electronic
control of fuel supply and supercharging and air cooling systems.

The subject of the research was a six-cylinder diesel engine of a Volvo D13C460 EURO
V EEV truck with a maximum power of 338 kW, which is a power unit of a Volvo FH13 truck
tractor with a mileage of 790,500 km. The total operating time of the engine was 11,800 h,
and the engine consumed 229,100 dm3 of diesel fuel from the beginning of operation to the
day of testing. The tested engine meets the requirements of EURO V standard according to
the homologation documents. The factory external characteristics of the engine are shown
in Figure 17 and the basic engine parameters are shown in Table 1 [72].

Figure 17. External characteristics of the VOVLO DC13C460 motor (338 kW) according to manufac-
turer specifications. The figure was made by the authors based on data from the paper [72].

A 6-cylinder, in-line, classic engine with a direct fuel injection—with an electronically
controlled pump-injector power system—was studied. The engine has four valves per
cylinder, which are controlled using hydraulic tappets driven from a central camshaft
located on the head. This shaft also drives the electronically controlled pump injectors
using a piezo-quartz valve. The valve controls the timing of the start of a specific stage of
fuel injection, as well as its duration, which determines the fuel dose based on information
about: intake manifold air pressure and temperature, exhaust gas temperature, ambient
conditions and the desired torque resulting from the position of the accelerator pedal.
The pump-injector supply system in relation to the sectional pump, shows a number of
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advantages. The most important include: the absence of high-pressure lines, minimal
ignition delay due to the absence of delay caused by the pumping of fuel through the
injection lines and high injection pressure even at minimum revolutions per minute. There
are no problems with engine start, which is very important in winter conditions. The
injection pressure is higher than in other systems (205 MPa), which creates good conditions
for mixing fuel with air and its rapid evaporation and combustion. There is no phenomenon
of injector leakage, which reduces fuel consumption. All these features make the engine
powered by a pump injector have a high efficiency (low specific fuel consumption).

Table 1. Basic parameters of the engine D13C460 EURO V [72].

Name of Device Range

Engine type D13C460 EURO V
Maximum power at 1400–1900 rpm 460 hp (338 kW)
Maximum engine speed 2100 rpm
Maximum torque at 1000–1400 rpm 2300 Nm
Number of cylinders 6
Cylinder diameter 131 mm
Piston stroke 158 mm
Displacement 12.8 dm3

Compression ratio 17.8:1

The air supply system consists of an air intake located on the right side of the cabin at
its highest height (Figure 18), an external intake duct of approximately rectangular cross-
section located on the rear wall of the cabin, a rubber accordion element connecting the
external duct with the air filter intake duct and a single-stage (baffle) air filter. A permissible
pressure drop sensor is installed on the air filter outlet line, set at Δpfdop = 4.8–5.0 kPa.
Proper filling of engine cylinders is assured by turbocharger and charge air cooler operating
in the “air-to-air” system. Prior to testing, the entire vehicle intake system was inspected to
check for leaks and was thoroughly cleaned. This action was done to reduce the impact of
unidentified damage to the intake system on the test results.

 
(a) (b) (c) 

Figure 18. A Volvo FH13 truck tractor: (a) general view of the vehicle, (b) air intake, (c) view of the
air supply system.

The filter element of the filter is a cylindrical cartridge made of pleated filter paper
(Figure 19) with an active area AC = 13.72 m2.

Figure 19. Cylindrical air filter element for Volvo D13C460 EURO V engine.
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3.2. Test Methodology and Conditions

Tests were carried out on a standard dynamometer bench. The motor was loaded with
a water brake type Zöllner PS1-3812/AE with maximum power of 1250 kW. The torque
Mo generated by the motor was measured with a strain gauge transducer connecting the
swinging brake housing with the foundation. The engine speed n was recorded with a pulse
transducer cooperating with a gear wheel located on the dynamometer flange. Hourly fuel
consumption Ge was measured using an AVL fuel balance with a five-second time interval,
and the measurement was then averaged over a 60 s interval. The coolant temperature
tch during engine testing was set equal to the operating temperature of tch = 87–92 ◦C and
was maintained using an external heat exchanger. The opacity of the exhaust gases was
determined using an AVL 439 OPACIMETER opacimeter, which works on the principle of
measuring the light absorption coefficient. The volumetric air demand QS by the engine
was recorded with a thermo-areometric flow transducer. The air pressure drop Δpf was
determined as the pressure difference p1 before and p2 after the air filter, using a TESTO
400 differential pressure gauge.

Due to the turbocharged, electronically controlled fuel injection air supply system
used in the engine, it was determined that the increased air flow resistance through the
filter system would have the greatest effect on the maximum power speed characteristics.
The research presented in [42,45] shows that the increased flow resistance does not signifi-
cantly affect the engine performance at part load. The research was conducted using the
passive experiment method, by stepping the engine speed at its full load—100% accelerator
pedal position.

The following methodology was used during engine testing. After establishing the
thermal equilibrium conditions of the engine, the accelerator pedal was set to the position
corresponding to the full engine load, and then the lowest (n = 1000 rpm) possible rotational
speed, at which the engine was still running steadily, was set using the brake control system.
After the operating conditions of the engine had stabilized, its operating parameters were
recorded. The engine load was then reduced to obtain the next higher speed (in 100 rpm
increments), and after the engine operating conditions stabilized, the engine operating
parameters were again recorded. In the above manner, the engine operating parameters
were recorded for rotational speeds in the range of 1000–2100 rpm. Due to the characteristics
of the water brake used, it was not possible to perform measurements below a speed of
1000 rpm, however this did not affect the test results obtained, as speeds below 1000 rpm
are not used during normal operation of vehicles with this type of engine.

During the tests, the following engine operating parameters and air parameters in the
intake system were directly measured for each speed:

• engine torque, Mo [Nm],
• engine rotational speed, n [rpm],
• hourly fuel consumption, Ge [kg/h],
• engine air demand, Qs [m3/h],
• exhaust gas temperature, t [◦C],
• Smoke opacity of exhaust gases—light absorption coefficient, k [m−1],
• air pressure before p1 and after air filter p2, [kPa],
• charge air pressure, pd, [kPa].

On the basis of directly measured values of engine working parameters the following
were determined:

• effective engine power, Ne [kW],
• specific fuel consumption, ge [g/(kWh)],
• air filter pressure drop Δpf [kPa].

All tests were repeated in duplicate to eliminate coarse errors that could lead to
incorrect inferences.
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The control of engine load, engine speed and brake load was performed from the
control and measurement cabin, where there are also indicators for measuring engine
operating parameters.

During the tests, the engine operation was continuously controlled by using the di-
agnostic interface NAVIGATOR TXTs with the software IDC 5 TRUCK. The schematic
diagram of the test stand is shown in Figure 20. The applied measurement equipment
and its accuracy are presented in Table 2. Before and after the tests, all measurement
systems important for the measurement results were checked using external standards:
the exhaust gas analyzer—with standard gases, the opacimeter—with optical filters of
known light absorption coefficient, the torque measuring system—with standard mass
standards, the speed measuring system—with a standard tachometer, the pressure mea-
suring systems—with standard sensors, the fuel consumption measuring system—with a
dedicated mass standard.

Figure 20. Diagram of the dynamometric test stand with a Volvo D13C460 EURO V engine: 1—water
brake, 2—turbocharger, 3—fuel consumption measuring system, 4—air consumption measuring
system, 5—smoke opacity measuring system, 6—exhaust gas temperature measuring system, 7—
pressure measuring system in the engine intake system, 8—TEXA TX diagnoscope, 9—computer
controlling the operation of the dynamometric brake and recording engine operating parameters,
10—computer controlling the operation of measuring systems, 11—charge air cooler.

Table 2. List of investigation equipment used during investigation.

No.
Name of Device/
Measured Quantity

Type Range Accuracy

1.

Water dynamometer

• torque—Mo
• rotated speed—n

Zöllner PS1-3812/AE
Mo = (0–7000) Nm,
n = (0–3000) rpm
Ne = (0–1250) kW

±1 Nm
±1 rpm
±1 kW

2. Fuel weight-meter (diesel)—Ge AVL 733S Fuel Balance (0–200) kg/h ±0.005 kg/h

3. Smoke concentration extinction
coefficient of light radiation—k AVL Opacimeter 4390 (0.001–10.0) m−1 ±0.002 m−1

4. Thermocouple-measuring of
exhaust temperature—ts

NiCr-NiAl (K) (−50–1100) ◦C ±1 ◦C

5. Mass air consumption—Qs
SensyMaster FMT430

Thermal Mass Flowmeter (100–6000) m3/h ±1.0 m3/h

6. Vacuum in the intake system TESTO 400 (−100–200) hPa 0.3 Pa + 1%
measured quantity

The results of engine operating parameters: power and hourly fuel consumption,
obtained during the tests, were reduced to normal conditions in accordance with the
PN-ISO 15550:2009 standard [73].
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3.3. Analysis of Research Results

During the experimental research the influence of four (New, A-33, B-66, C-90), differ-
ing in pressure drop, technical states of the same air filter on the external characteristics
of the Volvo D13C460 EURO V engine was determined. In each case, the same param-
eters characterizing the engine operation were measured. After each test, the engine
was inspected to detect any damage to the intake system that could adversely affect the
test results.

Increase of the value of the filter pressure drop Δpf was modeled by means of obscuring
a part of the active filtration surface of the cylindrical cartridge. As a result, four technical
states were obtained, differing in the value of the pressure drop of the same air filter.

• condition New—air filter with clean, brand new, paper air filter insert, Δpf = 0.58 kPa
• condition A-33—air filter with an air filter insert that has had approx. 33% of its active

filtration surface obscured, Δpf = 0.604 kPa
• condition B-66—air filter with a filter insert, which is obscured by approx. 66% of the

active filtering surface, Δpf = 0.757 kPa
• condition C-90—air filter with a filter insert, which has approx. 90% of its active

filtering surface obscured, Δpf = 2.024 kPa.

The results of the engine tests with different air filter conditions are presented as
characteristics Ne = f (n), ge = f (n), Ge = f (n), pd = f (n), Qs = f (n), Δpf = f (n), ts = f (n), k = f (n)
in Figures 21–26.

Figure 21. Pressure drop of different air filter states (New, A-33, B-66, C-90) and air demand of Volvo
D13C460 EURO V engine as a function of speed.

Figure 21 shows the pressure drop of four technical states (New, A-33, B-66, C-90) of
the same air filter as a function of engine speed n of a Volvo D13C460 EURO V engine.
The analysis of the test results was performed over the entire range of speeds that are
used in the operation of a truck tractor equipped with the type of engine that was tested.
As the engine speed increases in the range of n = 1000–2100 rpm, the pressure drop of
the air filter, regardless of the percentage obscuration of the active area of the cartridge,
increases its value until the engine speed reaches n = 1900 rpm, which is associated with
the achievement of the maximum air demand by the engine (Figure 20) and the maximum
power. A further increase in the engine speed causes a decrease in the filter pressure drop,
which results from a decrease in the air flow rate Qs. When 33% of the active surface of the
cartridge (A-33) was obscured, no significant differences in the pressure drop values were
found when compared to the new filter (New). The recorded differences of the pressure
drop are within the limits of the measurement errors and do not significantly affect the
other parameters of engine operation presented in the following figures.

73



Energies 2022, 15, 3285

Figure 22. Effective engine power Ne and specific fuel consumption Ne of the VOVLO DC13C460
engine as a function of speed n for different air filter states New, A-33, B-66, C-90.

Figure 23. Charge air pressure pd in the intake manifold of VOVLO DC13C460 engine as a function
of engine speed n for different air filter states: New, A-33, B-66, C-90.

Figure 24. Hourly Ge fuel consumption of VOVLO DC13C460 engine as a function of engine speed n
for different air filter conditions: New, A-33, B-66, C-90.
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Figure 25. Exhaust gas temperature ts at the turbine exit of the turbocharger unit of the VOVLO
DC13C460 engine as a function of engine speed n for different air filter states: New, A-33, B-66, C-90.

Figure 26. VOVLO DC13C460 engine smoke opacity—light absorption coefficient k (absorption) as a
function of engine speed n for different air filter states: New, A-33, B-66, C-90.

Obscuring 66% of the filter cartridge surface caused an increase in the filter pressure
drop in the range of 10–15%, which at n = 1900 rpm reached a maximum value of 0.757 kPa.
A significant (more than threefold) increase of the filter pressure drop in comparison to the
filter with “New” cartridge was obtained only after covering about 90% of the cartridge
active area. At n = 1900 rpm the filter reaches a maximum value of 2.024 kPa. For this air
filter, the manufacturer has determined the permissible resistance of Δpf = 6 kPa measured
at n = 1900 rpm. A sensor installed in the duct after the air filter is used to record this
value. Obtaining this value by the air filter means the necessity of performing maintenance
consisting in filter cartridge replacement. The authors obscured 90% of the surface area and
did not obtain an acceptable value, suggesting that only mineral dust retained on paper can
provide an effective barrier to airflow. The low (0.604 kPa) value of the pressure drop of the
new air filter (“New”) results from the large (Ac = 13.72 m2) filter area of the paper, which
guarantees a low velocity of air flow through the paper surface, called in the literature the
filtration velocity υF calculated from the relation

υF =
Qs

3600·Ac
[m/s], (7)

where: Qs—engine air demand [m3/h], Ac—filter cartridge active surface area [m2].
In the case of the tested engine, the air demand Qs, irrespective of the technical

condition of the air filter, increases rapidly until the engine reaches the rotational speed
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n = 1900 rpm, at which it reaches its maximum, and then it decreases (Figure 21). The use
of an air filter with increasing pressure drop according to the variants (New, A-33, B-66,
C-90) causes a shift of the characteristics QS = f (n) almost in parallel towards lower values
of the air demand Qs by the engine. At speed n = 1900 rpm, the decrease in Qs, is 1.15,
2.16, 3.39%.

For the maximum air demand Qs = 1387 m3/h (Figure 21) and for the filter area AC = 13.72 m2,
according to relation (7), the filtration velocity assumes the value υF = 0.0281 m/s. This value is
50% lower than the permissible value of filtration velocity υFmax = 0.06 m/s, which is assumed
during air filter design works. The low filtration velocity value guarantees a long period between
air filter maintenance.

Figure 22 shows the effect of four (New, A-33, B-66, C-90), differing in pressure drop,
technical states of the air filter on the characteristics of the effective power Ne = f (n) and
specific fuel consumption ge = f (n) of the Volvo D13C460 EURO V engine. As the rotational
speed increases, the effective engine power Ne, irrespective of the technical condition
of the air filter, increases sharply in value until the engine reaches a rotational speed of
n = 1400 rpm, and then decreases slightly until a rotational speed of n = 1900 rpm is reached,
after which it loses its value sharply. The use of an air filter Δpf with increasing pressure
drop according to the technical states (A-33, B-66, C-90), shifts the characteristics Ne = f (n)
almost in parallel towards lower values of engine power. The decrease in power due to
air filter contamination for a tractor-trailer type vehicle has a very negative effect on its
traction characteristics. As the pressure drop increases and the power decreases, the traction
properties of the vehicle deteriorate, in particular: the ability to climb a hill in individual
gears, the change in the value of maximum speed depending on the road inclination angle
and the time and distance of acceleration of the vehicle–tractor–trailer combination [74].

As the engine speed increases, the specific fuel consumption ge, regardless of the tech-
nical condition of the air filter, increases slowly until the engine speed reaches n = 1900 rpm,
and then increases significantly. In the case of obscuring 33% of the active area of the car-
tridge, no significant differences (more than 1%) were found in the change of the useful
power Ne and specific fuel consumption ge. Further increases of the air filter pressure
drop (B-66, C-90) cause a significant effect on the decrease in power and a slight increase
in specific fuel consumption—Figure 22. At rotational speed n = 1900 rpm, the decrease
in power due to increasing air filter pressure drop (A-33, B-66, C-90) takes the following
values, respectively: 0.029, 2.31, 9.31%. At the same speed, the increase in specific fuel
consumption takes the following values: 0.39, 1.74, 2.52%.

This phenomenon is due to the control strategy of the engine working process. In
connection with the reduction of the boost pressure (Figure 23), the fuel dosage is changed
in such a way as to increase the energy of the exhaust gases in order to increase the value of
the intake air boost pressure to the required value, which is programmed in the controller
map. However, changing the fuel metering control does not 100% compensate for the filling
loss due to the increase in air pressure drop. In addition, the fuel metering control strategy
only allows the fuel metering to be changed within a certain range. Significantly increasing
the basic fuel dose and delaying the injection angle leads to a significant increase in exhaust
temperature and increased toxic emissions. In order to prevent such a situation and to
ensure that the engine meets the Euro V standard, the controller operates appropriate
algorithms in this regard.

At the rotational speed n = 1600 rpm, the decrease of the boost pressure pd caused by
the increase of the air filter pressure drop (A-33, B-66, C-90) over the value of the pressure
drop of the new “New” takes the following values, respectively: 0.389, 1.95, 4.28%.

Figure 24 shows the hourly fuel consumption Ge as a function of engine speed n of a
Volvo D13C460 EURO V engine for four air filters differing in pressure drop (New, A-33,
B-66, C-90). As the engine speed increases, the hourly fuel consumption Ge, irrespective
of the technical condition of the air filter, increases its value sharply until the engine
speed n = 1400 rpm is reached. In the speed range n = 1400–1900 rpm, the hourly fuel
consumption Ge stabilizes at an almost constant level, after which it decreases sharply.
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In the case of obscuring 33% of the active surface of the cartridge (A-33), no significant
differences (about 0.75%) in the change of hourly Ge fuel consumption were found. Further
increases of air filter pressure drop (B-66, C-90) already cause a significant decrease of
hourly Ge fuel consumption, respectively: 3.21 and 7.87% (Figure 24). This should be
explained by the fact that increasing the air filter pressure drop causes a decrease in the air
mass delivered to the engine Qs (Figure 21) and the boost pressure (Figure 23). A smaller
mass of air delivered to the engine will not ensure accurate and complete combustion of
fuel in the cylinders, resulting in excessive smoke and increased emissions of toxic exhaust
components. In order to counteract this phenomenon, the ECU causes reduction of the
maximum dose of fuel fed to the cylinders, which is reflected in reduction of hourly fuel
consumption and power output. The reduction in hourly fuel consumption is due to the
engine control strategy coded into the ECU, which is optimized to reduce emissions of
toxic exhaust components.

Figures 25 and 26 show the exhaust gas temperature ts and smoke k as a function of
engine speed n of a Volvo D13C460 EURO V engine, for four air filters differing in pressure
drop (New, A-33, B-66, C-90). As the engine speed increases, the exhaust temperature ts,
irrespective of the technical condition of the air filter, decreases slowly but systematically
(almost linearly) its value until the engine speed n = 1800 rpm is reached, after which it
increases slightly and then decreases sharply. Operation of the engine with an air filter
Δpf with increasing pressure drop, according to the technical states (A-33, B-66, C-90),
causes a shift of the characteristics ts = f (n) almost in parallel towards lower values of
the engine temperature. Technical states A-33, B-66 do not cause significant changes in
exhaust gas temperature. Operation of the engine with an air filter with a pressure drop
Δpf = 2.024 kPa (C-90) already causes a significant, approximately 5%, decrease in the
exhaust gas temperature ts when compared to operation of the engine with the “New” filter.
In the rotational speed range n = 1000–1800 rpm the exhaust gas temperature ts decreases
by about ts = 20–30 ◦C, which is connected with smaller engine filling and decrease of the
amount of fuel delivered to the cylinder in one working cycle of the engine.

The highest smoke opacity was recorded in the speed range n = 1000–1100 rpm.
However, as the engine speed increased, the smoke level decreased rapidly, irrespec-
tive of the technical condition of the air filter, and remained stable in the speed range
n = 1100–1700 rpm, after which it increased slightly. However, the increase in air filter
pressure drop does not cause significant changes in the degree of smoke opacity in relation
to its permissible value, defined as for the technical conditions of vehicle operation for this
type of vehicles at 1.5 m−1 [75].

4. Conclusions

1. In the available literature there are no results of investigations of the influence of the
flow resistance in the inlet system on the performance of the modern diesel engine
used for driving of the trucks and truck tractors currently travelling on the roads and
constituting the basic means of transport of goods.

2. The basic filtering material for motor vehicle internal combustion engine operating
fluids are fibrous materials, including filter paper, which provides high efficiency
(above 99.5%) and accuracy (above 5 μm) of filtration. The disadvantage of filter
papers is low dust absorption (220–250 g/m2), which limits the lifetime of the filter.

3. During the use of baffle air filters for inlet air of vehicle engines, due to the retention of
dust grains, the air filter pressure drop increases systematically. For this reason, after
the mileage of the vehicle specified by the manufacturer or when the filter reaches a
certain value of the permissible resistance Δpfdop, the filter insert must be replaced.

4. It is generally assumed in the construction of internal combustion engines that the air
filter may have such a maximum pressure drop that at the maximum power speed of
the engine and its full load (100% opening of the mixture throttle in the case of engines
with SI and full fuel dose in the case of diesel engines) does not cause a greater drop in
power than 3%, rarely 5%. This condition limits the increase of pressure drop resulting
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from its dust loading during operation. The value of the permissible pressure drop
Δpfdop shall be selected individually for each engine depending on the demand for air
and the anticipated operating conditions, and in particular on the concentration of
dust in the air.

5. The use of air filter after exceeding the value of admissible resistance Δpfdop (not
replacing the filter cartridge) is possible as the filter still retains high filtration efficiency.
However, there is a sharp increase in the pressure drop, which causes additional loss
of engine power and deterioration of the vehicle’s traction properties, in particular its
climbing ability.

6. From the analysis of the available test results of the engines found in the literature,
it results that the increase in the resistance to the flow of the air filter Δpf by 1 kPa
causes on average a decrease in the power of the SI engine (carburetor) of (1.0–1.5)%
and an increase in specific fuel consumption of about 0.7. For diesel engines with a
classical injection system, these values are respectively (0.4–0.6)% decrease of power
and (0.3–0.5)% increase of specific fuel consumption.

7. The research carried out on an engine dynamometer on the influence of the air filter
pressure drop on the parameters of the modern, supercharged, with an inlet air cooler
diesel engine, being a driving unit of a truck tractor, only partly confirms the previous
research results presented in the literature. This is due to different injection systems
and fuel delivery strategies, which in modern engines is aimed at minimizing smoke
and reducing emissions of toxic exhaust components, rather than maximizing power.

8. The increase of 2 kPa in the air filter pressure drop above that of the “New” one results
in a 9.31% decrease in the effective power of the tested engine, which is 4.66% per
1 kPa increase in the pressure drop and is 10 times higher than in the case of diesel
engines with classic injection systems. The decrease in power is correlated with a
decrease in engine inlet flow (3.39%) and boost pressure (4.28%), a decrease in hourly
fuel consumption (7.87%) and an increase in specific fuel consumption (2.52%).

9. The decrease of the engine power caused by the increase of the flow resistance in the
intake system (air filter contamination) will have a very negative effect on the traction
properties of the vehicle (truck tractor), from which the tested engine originated.
As the engine power decreases, the traction properties of the vehicle deteriorate,
in particular: the ability to overcome a hill in individual gears, the change of the
maximum speed value depending on the road inclination angle and the time and
distance of acceleration of the vehicle–tractor–trailer combination.

10. Increase of the flow resistance in the inlet system of the tested engine did not signif-
icantly affect the increase of smoke, which is a very beneficial phenomenon, since
there is no increase in the emission of particulate matter, which is currently one of the
most significant components polluting the atmosphere.

11. Comparing the test results obtained with the results presented in the literature for
older engine types, it should be stated that the modern truck engines with electroni-
cally controlled fuel injection and turbocharging systems are less susceptible to the
negative influence of contamination of the intake system in comparison with engines
with mechanical supply systems—injection pump, carburetor. This is due to the fact
that the ECU of the modern engine on the basis of input signals—boost pressure,
mass of intake air, vacuum in the intake system—corrects the fuel dose in such a way
as to offset the negative effects of increased resistance to flow. The dose of fuel and
the method of its application is selected in such a way as to limit power loss with no
increase in smoke.

12. The obtained results showed the influence of the flow resistance in the inlet system of
the modern truck engine on its performance. It is advisable to continue the work, the
final effect of which should be the determination of the maximum/admissible flow
resistance, the exceeding of which should eliminate the vehicle from further operation
due to deterioration of the economic, energetic, ecological and traction properties of
the vehicle.
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13. It is advisable to extend the presented research by an analysis of the influence of
increased pressure drop in the air filtration system on the emission of toxic components
of exhaust gases and a change in the traction characteristics of the vehicle equipped
with this type of inlet system.
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Abbreviations

ε compression ratio
ξ dimensionless pressure drop coefficient of the inlet system
Ge hourly fuel consumption
ge specific fuel consumption
i number of cylinders
k smoke opacity of exhaust gases—light absorption coefficient
k stroke number factor
Lt theoretical air demand
λ excess air factor
Mo engine torque
Ne effective engine power
.

mrz mean real flow rate of air supplied to engine cylinders
.

mt theoretical mass flow rate of air supplied to engine cylinders
n engine rotational speed
ηi indexed efficiency
ηm mechanical efficiency
ηυ filling factor
pd charge air pressure
pH ambient pressure
pN pressure at the end of the filling stroke
pr pressure of the rest of the exhaust gas
p1 pressure before
Δpf air filter pressure drop
TH ambient temperature
TN temperature at the end of the filling stroke
Tr temperature of the rest of the exhaust gas
Qs engine air demand
Vs cylinder displacement
υŁ average charge velocity in the inlet system
Wd fuel calorific value
ρpow air density
ρŁ charge density
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Niezawodn. Maint. Reliab. 2016, 18, 358–366. [CrossRef]

41. Dziubak, T. Analiza wpływu oporu przepływu filtru powietrza na napełnienie tłokowego silnika spalinowego. Zesz. Nauk.
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Abstract: The problem of global warming and related climate change, as well as rising oil prices, is
driving the implementation of ideas that not only reduce the consumption of liquid fuels, but also
reduce greenhouse gas emissions. One of them is the use of natural gas as an energy source. It is a
hydrocarbon fuel with properties allowing the reduction of CO2 emissions during its combustion.
Therefore, solutions are being implemented that allow natural gas to be supplied to means of transport,
which are trucks of various categories and purposes. This article presents the results of tests of an
engine from a used semi-truck, to which an innovative compressed natural gas (CNG) supply system
was installed. This installation (both hardware and software), depending on the engine operating
conditions, enables mass replacement by natural gas (up to 90%) of the basic fuel—diesel oil. During
the tests, on the basis of the obtained results, the influence of the diesel fuel/CNG exchange ratio
under various engine operating conditions on the concentration of toxic CO2, CO, NO, NO2, CH4,

C2H6, NMHC, NH3 and exhaust smoke was assessed. The test results confirm that, compared
to conventional fueling, the diesel/CNG-fueled engine allows for a significant reduction in CO2

concentration even in a car operated for several years with diesel fuel and with high mileage. The
use of a non-factory installation significantly increased the concentration of methane CH4, nitrogen
dioxide NO2 and carbon monoxide CO in the exhaust gas. It was found that the smoke content and
the temperature of exhaust gases did not decrease with increasing ratio of fuel replacement. The
concentration of CO, NOX, CH4 and NMHC was increased, while the concentration of CO2, C2H6,
NH3 and the consumption of diesel fuel by the engine, decreased significantly. The innovation of the
research is based on the use of a modern and unique engine gas fuel system control system where the
original fuel supply system with unit pumps is able to reduce diesel oil consumption by up to 90%.

Keywords: dual fuel; diesel-CNG; CNG

1. Introduction

In a dual fuel engine, fuel with a high octane number, which in the case of our tests
was natural gas (NG), is fed into the combustion chamber of the engine first, along with the
air supplied to the cylinder. After reaching a sufficiently high pressure and temperature,
resulting from the compression of the gas-air mixture, a second fuel is injected into the
combustion chamber which has good self-ignition properties allowing it to initiate self-
ignition of the injected fuel. In the presented research, the high cetane number autoignition
initiating fuel was classic diesel fuel commonly used in single-fuel diesel engines. Such a
combination is the most popular way of powering “dual-fuel” compression ignition (CI)
engines due to the possibility of achieving a very high degree of replacement of diesel fuel
by natural gas, the use of which is supported by the cost and ecological aspects and the
uncomplicated modification of the engine installation [1].
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The degree of substitution in dual-fuel engines is defined as the ratio of the amount
of high-octane fuel consumed to the total amount of fuel consumed by the engine. The
diesel/CNG compressed natural gas power supply system used in the research determined
the degree of mass replacement in this way. The ratio is expressed as the ratio of the amount
of energy supplied to the engine in the form of high-octane fuel, in our case, CNG, to the
total amount of energy contained in the fuel supplied to the single-fueled engine. In simple
terms, it is also assumed to be the ratio of the amount of energy supplied to the engine
in the form of high-octane fuel to the total amount of energy that is supplied at a given
point of operation in the form of two fuels—the results in the case of both methods of
calculation will be identical when the efficiency of the engine in both cases (mono-fuel and
dual fuel power) does not change. This relationship can easily be calculated by relying
only on the hourly fuel consumption based on the change in the consumption of diesel (or
other high-cetane fuel) alone at the operating point where the substitution is measured and
calculated. This can be done on the basis of Formula 1 below, without knowing the calorific
value of the fuels used [2]:

diesel
CNG

=
Gediesel − Gediesel_CNG

Gediesel
∗ 100% = 1 − Gediesel_CNG

Gediesel
∗ 100% (1)

Gediesel—hourly consumption of diesel fuel when running only on diesel oil,
Gediesel on CNG—hourly diesel fuel consumption when running on CNG/diesel.
In the case of the controller that was used in our research, the degree of replacement

was calculated from a relation based on the mass fuel consumption of the engine, in which
the calorific ratio of one fuel to another was expressed by the coefficient set by the operator
at the beginning of the tests. The value of the adopted ratio was diesel/CNG 1:1.1 [2].

The degree of replacement of diesel fuel by natural gas (CNG) in a dual fuel engine
depends on a number of factors, but the most important limitation that does not allow
a high degree of replacement of diesel fuel by substitute fuel is the appearance of knock
combustion and the expenditure of the CNG power supply installation. On the basis of
research by many authors [3–5], an approximate diagram based on [6] has been developed,
and is shown in Figure 1 schematically showing the possibilities of substitution of diesel by
natural gas in dual fuel engines according to [7].

As part of the dual fuel supply, various fuels can be used, but the greatest number of
advantages is characterized by compressed or liquefied natural gas. It is possible to co-burn
diesel fuel in diesel autoignition engines together with a mixture of propane and butane
gases, high-octane biofuels, or with gasoline. However, at the current level of technology
in widespread use, such installations only achieve a partial, relatively small replacement
of diesel fuel by these fuels. Diesel oil in classic installations of this type constitutes not
less than half of the energy value of the fuel supplied for combustion. Depending on the
source of information, it is possible to achieve a different replacement ratio with liquefied
petroleum gas (LPG) fuel, but most often it does not exceed 30% [8]. However, in the case of
using natural gas combined with diesel oil, which is the main research goal of this work, it
already allows for a significant reduction in the operating costs of the engine and ecological
improvement. The exchange ratio of diesel with natural gas is usually much higher than in
the case of gasoline, biofuels, LPG or alcohols, mainly due to the much higher resistance of
methane to knock combustion and its higher calorific value [9]. The same applies to the
use of natural gas in liquid form, which has some additional advantages over its use in
compressed form. These advantages relate to a large extent to the operation of the vehicle
in which the installation of this type was placed, but also the possibility of direct injection
of this fuel straight into the combustion chamber under high pressure. In the case of the gas
combustion process, it may be more efficient if an appropriate fuel installation is used in
which high gas pressure [10] or the physical state in which it is located [11] is used. The first
installations of this type already exist in the world and are used both in motor vehicles [12]
and in marine engines [13]. Although they are not yet widely available solutions, intensive
work is being carried out on their dissemination and further development. The biggest
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advantage of dual fuel engines is the combination of many advantages of CI and SI engines.
There are a few ways to supply fuel to those engines and the two most important differ
in the place of delivery of gaseous fuel [14]. The specificity of dual fuel power supply
with direct injection of both fuels by one injector is shown in the schematic drawing of the
injector in Figure 2.

Figure 1. The various operating conditions known as “modes” for dual fuel engines, where horizontal
is the engine load between 0–100%, and vertical is the rate of fuel replacement from 0% to 100%.
The individual areas above result from the characteristics of the engine, the diesel fuel system and
the CNG fueling system. Area (a) results from the properties of the CNG supply system—e.g.,
minimum CNG injector opening time, (b) minimum fuel dose necessary for proper ignition of the
air-fuel mixture (its minimum value is also limited by the minimum opening time of the unit injector),
(c) maximum load engine (d) range of proper dual fuel engine operation on diesel/CNG fuels.
Authors source based on the chart from [6].

Figure 2. Schematic drawing of a direct dual fuel injector in use at the moment of diesel fuel
injection [15].

This type of injector is developed especially for dual fuel engines working in diesel/
CNG mode. This type of fuel supply is still very rare. A much more popular type of fuel
supply is indirect injection of CNG and direct injection of diesel fuel. That was the type of
supply researchers used in their project. A schematic drawing of an engine at work with
this type of fueling is shown in Figure 3.
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Figure 3. Schematic drawing of fueling of a working dual fuel engine with indirect injection of CNG
fuel (yellow drops) and direct injection of diesel fuel (blue drops) [Authors’ source].

The type of fueling shown in the Figure 3 is much more common, simpler and well-
researched, and is a much more popular way to make a dual fuel engine from a diesel
CI engine. In dual fuel engines, during operation the injected liquid fuel is dosed into
the combustion chamber in the form of a pilot dose, initiating the ignition of the fuel
already supplied to the combustion chamber under the effect of a steady increase in
pressure resulting from self-ignition of the injected high-cetane fuel. Figure 4 below shows
a schematic view of the method of supply and ignition in a dual fuel engine powered by a
mixture of CNG and diesel oil.

Figure 4. Autoignition and combustion in a Dual Fuel CI engine, own artwork based on [16].

An engine fueled by dual fuel CNG and diesel oil requires, for standard work mode,
only the already mentioned, pilot dose of diesel fuel to initiate the ignition. When using
LPG as an additional fuel, it is necessary to use a greater amount of injected diesel fuel than
in the case of natural gas, due to the insufficient resistance of the additional gaseous fuel
to knocking combustion, which is dangerous due to the possibility of engine damage. Its
presence determines the possibility of using fuel in the engine and the degree of replacement
of the basic fuel, which is diesel fuel in a dual fuel CI engine. Highly loaded dual fuel
engines operate under conditions that make it impossible to replace as much chemical
energy contained in high-cetane number fuel, as is possible at low loads There is a lower
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ratio of replacement at such operating points due to the need to use more high-cetane
number fuel with a higher energy density than gaseous fuels.

The sense of using natural gas in CI engines results not only from the physicochemical
properties allowing its effective use in such engines, but also the ecological and economic
impact that this fuel could have on the industry based on the traditional piston internal
combustion (IC) engine. Along with the development of civilization and the increase in
consumerism, the demand for the transport of goods using wheeled vehicles will increase,
especially in increasingly crowded cities where people have to deal with the negative health
effects caused by pollution from the growing number of trucks [17,18]. It is estimated that
in Poland alone, about 50,000 people die every year due to poor air quality, or even twice
as many taking into account the percentage of deaths in Europe caused by exposure to
fine particulate matter (PM 1.0 and PM 2.5) resulting from the combustion of fossil fuels
for populations aged >14 years [19,20]. The use of a low-emission alternative fuel instead
of the coal and diesel fuel commonly used in Poland could contribute to avoiding these
deaths, which is why research is currently placing so much emphasis on the use of natural
gas to power thermal machines.

Public transport can offer a more rational use of energy [21] as it reduces fuel consump-
tion, exhaust emissions and vehicle noise [22–24]. The concept of sustainable transport
combines high-quality transport with care for the natural environment [25]. Therefore,
these vehicles should have a power source other than diesel or gasoline and reducing
carbon dioxide (CO2) emissions can help limit the development of global warming in
the world.

An example of such activities may be the increasing restrictiveness of requirements
for products created during the combustion of a fuel mixture. Their implementation means
that, for example, even relatively new semi-trucks (5 years old) are classified as polluting
and their use is charged with additional fees. This forces vehicle manufacturers to look for
technical solutions that reduce the emission of harmful exhaust components. The obvious
path of development seems to be the construction of trucks with hybrid or only electric
drive. However, in this case, the range remains a limitation, which for an electric car of
average payload (“N2”) is currently about 200 km, while for a tractor unit with a semi-trailer
(“N3”) it is, according to available data, only 100 km [26]. In addition, the price of an electric
tractor unit in 2021 was five times the price of the same conventionally powered tractor unit
(based on the example of DAF and Volvo cars). In addition, increasing the weight of the
semi-truck as a result of the usage of batteries that are still very heavy, reduces the weight
of the load that can be transported, and the charging process is time-consuming. Both of
these factors have a very negative impact on the logistical costs of using such a vehicle [27].
Therefore, a good direction of change is still the introduction of more environmentally
friendly solutions into transport, mainly through the use of alternative and ecological
fuels in relation to diesel, including natural gas in various forms: compressed natural
gas and Liquid Natural Gas (LNG) and its ecologically produced varieties Renewable
Natural Gas—RNG, BioCNG, or eCNG and natural gas enriched with hydrogen fuel—
HCNG, or H2CNG. Many fuels can be used as high-cetane fuel, the properties of which
do not differ significantly from those of diesel oil. Very promising are the possibilities of
using, together with ecological gaseous fuels, also ecological, alternative fuels replacing
diesel oil in this case, such as oil made of algae [28], rice [29], pongamia, palm, peanuts,
mushrooms, jatrophy, coffee grounds, soybean, coconut, linseed, olives or even animal fat,
which the authors described in detail in [30]. Also, a gas used as a fuel corresponding to the
properties of natural gas can be produced in many ways and has great potential as a clean
alternative fuel for additional reduction of GHG emissions in the process of its combustion
or production [29]. Such a gas can be produced under the same conditions as bio-oil from
many plant and animal products [30] or waste [31] and individual final products will differ
mainly in the concentration of methane and other components of this fuel.

Combustion of natural gas, due to its different composition compared to diesel oil,
with a lower proportion of carbon and a greater proportion of hydrogen, results in lower

87



Energies 2022, 15, 4563

emissions of carbon dioxide, which is one of the main greenhouse gases emitted by human
activity. In the short and medium term, natural gas may become the most important
alternative fuel [32]. Its large global resources increase the potential of this fuel as a green
fuel used in transport. Many European countries have a well-developed infrastructure
adapted for the reception and distribution of CNG and LNG. Natural gas can also be
a relatively cheap fuel compared to diesel oil. In 2020, the average price of natural gas
accounted for approx. 50% of the diesel oil price. The average cost of using natural gas to
transport heavy goods vehicles is approx. 40% lower than that of diesel fuel [33].

The properties of natural gas (in particular in the form of compressed CNG) in terms
of the use of IC piston engines in transport or in utility vehicles, as well as the growing
number of supply sources in individual European countries justify undertaking scientific,
research and development works on the use of CNG to supply the IC engines of heavy-
duty vehicles. This is in line with the energy policy of the European Union—Directive
2009/33/EC of 23 April 2009 on the promotion of ecologically clean and energy-efficient
road transport vehicles. The presented work is an example of such activities and describes
the effects of the application of an innovative concept of effective adaptation of an engine
of a utility vehicle to a CNG supply.

2. Materials and Methods

The aim of the study was to experimentally determine the impact of the exchange ratio
(diesel/CNG), defined by Equation (1), of the replacement fuel, which was CNG, to the base
fuel, which was diesel oil, for an innovative non-factory two-fuel CNG/diesel fuel supply
installation in a used tractor unit engine on the emissions of individual exhaust components:
carbon dioxide (CO2), carbon monoxide (CO), nitric oxide (NO), nitrogen dioxide (NO2),
methane (CH4), ethane (C2H6), non-methane hydrocarbons(NMHC), ammonia (NH3) and
smoke in fixed operating states.

“The tests and calculations were carried out for the D13C460 EU5EEV (338 kW) engine,
used in Volvo FH13 series tractor units. The mileage of the car, the unit of which was
tested on an engine dynamometer and on which a non-factory diesel/CNG installation was
adapted, was 790,500 km. The total operating time of the engine is 11,800 h, and the engine
has used 229,100 L of diesel fuel since the beginning of its operation. The tested engine,
according to the approval documents, met the requirements of the EURO V standard when
it left the factory” wrote the authors in [33]. As a part of our research, the engine operation
points were determined on the basis of good engineering judgment and as equivalents of
the operating points in which ISO 8178 [34] tests are carried out. In many cases found in the
literature, the research program is prepared with the use of certain algorithms [28,31,35]
however, the authors’ experience shows that this type of methodology is not fully effective
in the areas in which the authors of this work operate. The research presented in the paper
is an investigation of an innovative, high-pressure dual fFuel installation. The planned
tests were divided into the following stages:

• Determination of external and load characteristics of the D13C460 engine when sup-
plying the basic fuel, which was diesel fuel, in order to assess its technical condition.

• Installing a dual fuel supply system on the engine.
• Carrying out research into the impact of the diesel/CNG replacement ratio in the range

from 10% to the knocking limit at selected engine operating points—the condition for
“tuning the CNG supply system” was to obtain the same useful power during supply
(diesel/CNG) as during supply of the basic fuel, which was diesel oil.

• On the basis of the obtained test results, the impact of the replacement factor (diesel/
CNG) on the concentration of toxic exhaust gas components at selected test points
was assessed.

The tests were carried out on a standard dynamometric stand. The engine was loaded
with a Zöllner PS1-3812/AE water brake with a maximum braking power of 1250 kW.
The torque generated by the motor was measured using a strain gauge. The rotational
speed was measured by an impulse transducer in cooperation with a gear which was
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located on the collar of the dynamometer. Measurement of liquid fuel consumption was
carried out with the use of a fuel scale by AVL, measuring at a frequency of 5 s, and the
temperature of the cooling liquid was maintained in the range of 87–92 ◦C using an external
heat exchanger. The smoke opacity was tested with an AVL 439 OPACIMETER, which
operated on the principle of light absorption—measuring the extinction coefficient of the
absorbed radiation. The composition of the exhaust gases was measured with the use of
an AtmosFIRt analyzer, working on a hot sample of 180 ◦C, using the method of infrared
spectroscopy using the Fourier transform (FTIR) method with an oxygen analyzer installed
in the measuring chamber using the zirconium cell method. In the configuration used,
the device allowed the measurement of the following components: CO2, CO, NO, NO2,
CH4, C2H6, NMHC and NH3. The measurement results were automatically converted
to normal conditions (101,325 Pa, 273.15 K = 0 ◦C). The spectral range of the analyzer
was 485–8500 cm−1. The ambient conditions were determined using the ABB SensyMaster
FMT430 air flow meter, which was also used to determine the amount of air sucked in by
the engine.

The temperature of the exhaust gases was measured using a NiCr-NiAl thermocouple
installed in the exhaust manifold with a measuring range from −200 ◦C to 1200 ◦C. Selected
engine parameters, measured by standard sensors mounted on the engine, were read from
the engine controller using a Texa Navigator diagnoscope. These were defined as:

• boost pressure,
• coolant temperature,
• engine oil temperature,
• air temperature in the intake manifold.

The tests were carried out while keeping the thermal state of the engine approximately
constant, controlled with the use of an air heat exchanger (cooling tower) and a cooling
liquid circulation system. During the tests, the temperature of the cooling liquid and engine
oil was within 81–96 ◦C.

Measurements of individual quantities were carried out under the specified engine
operating conditions when the force on the brake and the engine rotational speed were
constant for at least 1 min. During the measurements, a constant engine speed was
automatically maintained (range n = constant water brake operation).

Measurements of fuel consumption (from which the value of hourly fuel consumption
was obtained) were carried out for each measuring point during approx. 1 min. Measure-
ment of other quantities (brake force, ambient temperature, ambient pressure, ambient
relative humidity, exhaust temperature and smoke (light absorption coefficient), air con-
sumption by the engine and exhaust gas analysis was carried out simultaneously after
establishing the test conditions.

The following parameters of the engine operation and the engine’s intake system were
measured directly:

• engine torque, Mo [N·m]
• engine speed, n [rpm],
• hourly fuel consumption diesel oil, GeON [kg/h],
• hourly fuel consumption CNG, GeCNG [kg/h],
• hourly air consumption, Gp [kg/h],
• temperature in individual engine systems T [◦C],
• smoke D [m−1],
• Concentration of gaseous components in exhaust gases: CO2, CO, NO, NO2, CH4,

C2H6, NMHC and NH3,

On the basis of the quantities measured in a direct way, the quantities measured
indirectly were determined:

• Knock combustion signal, [–],

On the basis of the directly measured quantities, the values measured indirectly
were determined:

89



Energies 2022, 15, 4563

• actual diesel/CNG exchange rate

The value of the useful power of the engine was determined on the basis of the value
of the loading torque realized by the brake and was determined from the dependencies:

Ne =
nMo

9550
Kd1 [kW] (2)

where:
n is rotational speed in rpm,
Ne is engine useful power in kW,
Mo is engine loading torque (rotational) read from the brake controller in Nm,
Kd1 is correction factor for normal conditions determined in accordance with the

PN-ISO 15550: 2009 standard.
Determination of the engine power value and knowledge of the concentration of

harmful exhaust components allowed us to determine the emissions of a given exhaust
component at a specific point of engine operation. For all results, the uncertainties of the
measurement results were calculated, taking into account the possibility of both systematic
and random errors. Systematic errors of direct measurements were determined on the basis
of the accuracy class of the measuring instruments or on the basis of an elementary division
on a scale. Errors of the value determined indirectly (from mathematical dependencies)
were calculated after determining the size of systematic error Δxi (where i = 1, 2, 3, . . . , k)
values of measurements of quantities measured directly as the maximum error Δy from the
general dependence in the form [36]:

y = ∑k
i=1

⌈
f (x1, x2, . . . , x3)

x1

⌉
xi (1)

The values of systematic errors of the measured quantities are presented in Table 1.

Table 1. List of investigation equipment used during investigation.

No. Name of Device/Measured Quantity Type Range Accuracy

1.
Water dynamometer
Torque—Mo,
rotated speed—n

Customs officer
PS1-3812/AE

Mo = (0 ÷ 7000) N·m,
n = (0 ÷ 3000) rpm
Ne = 0÷1250 kW

±1 N·m,
±1 rpm,
±1 kW,

2. Fuel weight-meter (diesel) AVL 733S Fuel Balance (0 ÷ 200) kg/h ±0.005 kg/h

3.
Fuel weight-meter (CNG)
1.2–104.6 kg/h ± 0.6%
measured quantity

SwirlMaster FSS450
Intelligent Swirl Flowmeter 1.2–104.6 kg/h ±0.6% measured

quantity

4.

Exhaust analyser—measuring of toxic
elements concentration in exhaust gases

- carbon dioxide (CO2),
- carbon monoxide (CO),
- nitrogen oxides (NO),
- nitrogen diooxide (NO2),
- methane (CH4)
- ethane (C2H6)
- ammonia (NH3)

Atmosphere FIR,
emissions monitoring FTIR

systems

CO2 (0.01 ÷ 23)%
CO (1.0 ÷ 11,000) ppm,
NO (1.0 ÷ 6000) ppm

NO2 (1.0 ÷ 6000)
CH4 (1 ÷ 5000) ppm
C2H6 (1 ÷ 1000) ppm
NH3 (1 ÷ 5000) ppm)

±0.1% measured
quantity

5. Smoke concentration—extinction
coefficient of light radiation—k. AVL Opacimeter 4390 (0.001 ÷ 10.0) m−1 ±0.002 m−1

6. Thermocouple—measuring of exhaust
temperature—T NiCr—NiAl (K) (−50 ÷ 1100) ◦C ±1 ◦C

7 Mass air consumption SensyMaster FMT430
Thermal Mass Flowmeter 120 ÷ 7000 kg/h ±1.2 kg/h
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Control of the engine load, as well as its rotational speed, was carried out from the
control and measurement cabin. In this cabin there is a cabinet on which instruments
are mounted to control the brake load and to control the servo. In this cabinet there are
also engine speed indicators, as well as an indicator for measuring the temperature of
individual systems.

During the tests, the operation of the engine was constantly controlled by the use of
the NAVIGATOR TXTs diagnostic interface with the IDC 5 TRUCK software. A diagram of
the test bench is shown on a Figure 5.

Figure 5. Diagram of the dynamometer with Volvo D13C460 EURO V engine: 1—water brake,
2—turbocharger, 3—basic diesel fuel consumption measurement system, 4—CNG gas consumption
measurement system, 5—air consumption measurement system, 6—exhaust temperature measure-
ment system, 7—smoke measurement system, 8—gas component consumption system for analysis,
9—FTIR analyzer, 10—CNG injection system for the engine intake manifold, 11—CNG power supply
system with software, 12—TEXA TXT diagnoscope, 13—computer controlling the operation of the
torque brake and recording engine operating parameters, 14—computer controlling the operation of
measuring systems, 15—computer for programming the CNG power supply system controller.

Tests and results of useful measurements of the engine have been reduced to normal
conditions in accordance with PN-ISO 15550:2009—Reciprocating IC engines—Determination
and method of measuring engine power—General requirements [36], which recommends
correcting the engine power according to ambient conditions by multiplying the value
determined directly by the calculated correction factors.

Methodology for Determining the Effect of the CNG/ON Substitution Factor on
Engine Performance

The beginning of the test was to determine the external characteristics and load
characteristics of the D13C460 engine. The tests were carried out on a dynamometer station
located in the Department of Engines and Operation Engineering of the Military University
of Technology in Warsaw. For supplying the engine commercial diesel fuel was used. This
diesel fuel was from one production batch and was used during all tests. As a result of
these activities, measuring points were designated to carry out further work.

Then, an original gas supply system was installed on the engine, allowing us to bring
two types of fuel to the combustion chambers—diesel and CNG. The installation consists of
a gas supply rail mounted between the engine head and the intake manifold. Gas injectors
were installed in the rail, 2 per cylinder and the working pressure of the CNG gas used was
0.8 MPa. The installation works on the principle of shortening the time of injection of the
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basic fuel, which was diesel oil in proportion to the set coefficient of replacement of diesel
fuel by natural gas.

In the course of adaptation activities, the installation was subjected to an optimization
process, in which the main criterion was to determine the optimal angle of advancement
of CNG gas fuel injection for different rotational speeds and engine loads relative to the
position of the crankshaft at which the piston TDC (top dead center) occurs.

Subsequently, for such an optimized installation, studies were carried out on the
impact of the coefficient of replacement of mass diesel fuel by natural gas on smoke and
exhaust gas composition. The test was carried out in selected engine operating states
corresponding to the most commonly used engine operating conditions when performing
a road transport task. In the individual operating states selected by our team, the ratio
of diesel to natural gas exchange was changed in leaps and bounds, with a jump of 10%,
starting from 10% of replacement, up to the knock combustion. At each point of the engine’s
operation, the amount of gas supplied was corrected using the CNG controller in such a
way that the power developed by the engine was the same as the engine power obtained
when running on the basic fuel, which was diesel oil. The assumed conversion rate of diesel
to natural gas was set using a computer controlling the operation of the CNG installation,
and the obtained exchange rate was determined on the basis of changes in the hourly
consumption of the basic fuel. The research was carried out until the exchange ratio was
achieved at which point the signal level from the knock combustion measurement system
exceeded the level of 2.

During the tests, commercial diesel from one production batch in accordance with
en-590 was used, due to the fact that the normative document [36] allows the use of a
fuel similar to the reference fuel in a situation where the appropriate reference fuel is not
available. The advantage of choosing this method of proceeding is to determine the actual
values of the engine’s operating characteristics with fuel of a random composition (random
petrol station). It was remembered to reduce the impact of fuel properties on the result
of comparative tests as much as possible, so for all tests, diesel fuel from one delivery
was used.

The measurements were made using the prepared research version of the CNG dosing
controller in which the optimal individual control functions were determined and control
maps were developed.

The results of the research were illustrated by comparing them in subsequent drawings
to changes in the concentration of the components of individual gaseous components,
i.e., smoke as a coefficient of extinction of absorbed radiation (Figure 10), CO and CO2
(Figures 11 and 12), NO and NO2 (Figures 13 and 14), and CH4 (Figure 15). To facilitate the
analysis process and to quantify the changes taking place, the results are also included in a
relative way, comparing those obtained for diesel/CNG power supply with only On power
supply (right side of drawings). The concentration of individual gaseous components
and smoke opacity were determined directly at the exit of the engine, before the exhaust
after-treatment systems, so as to eliminate the result of the exhaust gas neutralization
systems. As part of the verification of the technical condition of the engine, the external
characteristics of the Volvo D13C460 engine used in the Volvo FH13 car were measured,
determined when it was powered by diesel, and presented and compared with the original
characteristics as shown in Figure 6.

Then, on the basis of the analysis of the course of useful (effective) power and torque
of this engine, research engine operating states were developed in which the impact of
the degree of diesel/CNG replacement on the concentration of exhaust gas components
was assessed. The designated external characteristics indicate that the engine develops a
maximum torque of about 2300 Nm in the speed range of 1000–1500 rpm, and a maximum
value of useful power of about 338 kW (460 hp) in the speed range of 1400–1900 rpm.
Above an engine speed of 1500 rpm, the torque decreases sharply and reaches a value of
about 1700 Nm at a speed of about 1900 rpm, above which the useful power of the engine
decreases. Analysis of the course of useful power and torque and the operating conditions
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of the vehicle from which the engine came showed that the range of economical, operational
engine speed is approx. 1100–1500 rpm. In this range, the engine develops a constant
(approximately) maximum torque, and at the same time increases (as the rotational speed
increases) its useful power.

Figure 6. External characteristics of the VolvoD13C46 engine.

In order to influence the supply of the engine with different proportions of diesel/CNG
to determine the optimal proportion of fuel supply with the CNG/diesel mixture (percent-
age replacement of diesel oil with compressed natural gas), a test program was developed
taking into account the above-mentioned results of the analysis of the external characteris-
tics of the engine powered by diesel fuel. The scope of research was limited to determining
the effective parameters of the engine in the most economical operating speed range,
1100–1500 rpm. In this respect, the basic engine operating parameters were measured at the
dynamometer for three speed values (1100 rpm, 1300 rpm, 1500 rpm) at a constant value of
loading torque.

The tests were carried out:

• at a constant engine speed of 1100 rpm for two load torque values—approx. 520 Nm
(61 kW) and 1150 Nm (139 kW);

• at a constant engine speed of 1300 rpm for two load torque values—approx. 480 Nm
(67 kW) and 980 Nm (134 kW);

• at a constant approximately variable engine speed of 1500 rpm for two load torque
values—approx. 500 Nm (79 kW) and 1040 Nm (163 kW).

For each engine speed and the value of (loading) torque, tests were performed for
different proportions of the diesel/CNG fuel supply—from diesel only (replacement rate
0%) to the size of the replacement, at which, under the given measurement conditions, the
occurrence of detonation combustion was recorded by means of a sensor attached to the
engine block.

3. Results

The graphs showing the results of the research were divided according to the measured
parameter. Each of the graphs presents the results for all six operating states in which the
engine was tested. In each of the engine operating states, the engine speed and load were
strictly determined, while the degree of replacement of diesel fuel with natural gas was
variable. The test results are presented in graphs. The value of the degree of replacement of
diesel by CNG is expressed as the real value of replacement calculated on the basis of fuel
consumption, which is visible in the diagrams in which the marked points are usually near
the assumed value of the replacement ratio.

93



Energies 2022, 15, 4563

Figures 7–18 show the effect of the diesel/CNG replacement factor for six engine
operating states, differing in speed and load, on the engine operating parameters or the
concentration of individual exhaust gas components.

Figure 7. Hourly diesel fuel consumption for individual engine operating points (rotation speed,
torque) in the diesel/CNG replacement function.

Figure 7 shows the effect of the diesel/CNG replacement factor for the six engine
operating states, differing in speed and load, on the hourly consumption of the diesel
base fuel. A linear decrease in hourly diesel fuel consumption is visible as a function of
the replacement coefficient with Ge diesel = f(diesel/CNG) for the tested CNG power
supply system of the Volvo D13C460 EURO V engine. The nature of the changes in fuel
consumption are illustrated by the linear relationship between the consumption of the
basic fuel with the designated replacement coefficient, which due to the compliance of the
results with the theoretical assumptions indicates the high accuracy of the measurements
made. A similar correlation can be observed for changes in hourly CNG consumption
GeCNG = f(diesel/CNG) as shown in Figure 8.

Figure 8. Hourly CNG fuel consumption for individual engine operating points (rotation speed,
torque) in the diesel/CNG replacement function.
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Differences in hourly CNG consumption for individual engine operating points are,
of course, due to different values of power generated by the engine, but deviations from
the linear nature of the graphs may have different backgrounds. A shape more parabolic
than the linear graph showing the hourly fuel consumption may indicate, in the case of the
tested engine loaded at 1100 rpm with a torque of ~0.5 kN·m, a systematic increase in the
efficiency of the tested engine. The change in the efficiency with which the energy supplied
to the engine was used also potentially had an impact on the results of fuel consumption
in other measurements in which some nonlinear changes are clearly visible at individual
stages of fuel exchange. The smallest increases in gaseous fuel consumption can be seen in
the lower load points, where higher degrees of replacement have also been achieved than
with a higher engine load. This is also correlated with the lower achieved temperature of
the exhaust gases, which can be seen in the graphs shown in Figure 9.

Figure 9. Exhaust gas temperature for individual engine operating points (rotation speed, torque) as
a diesel/CNG replacement function.

Figure 9 shows the effect of the diesel/CNG replacement factor for six engine operating
states, differing in speed and load, on the exhaust gas temperature at the turbocharger
output Tsp = f(diesel/CNG). A clear increase in exhaust gas temperature is visible with an
increase in the diesel/CNG replacement coefficient of about 50–60 ◦C. This phenomenon is
caused by a change in the way the fuel is burned and with a decrease in the stoichiometric
lambda. Natural gas, due to its density, occupies a much larger space in the combustion
chamber than diesel fuel, which leads to a decrease in the amount of energy ballast that is
mainly nitrogen, which leads to a noticeable increase in the temperature of exhaust gases.

In the case of our application, in which the geometry of the combustion chamber was
not modified for a dual fuel power supply, and the mixture of natural gas and air was not
homogeneous, some of the unburned natural gas molecules could burn only in the exhaust
system, which in some cases may result in a significant increase in the temperature of the
exhaust gases. This is a very unfavorable phenomenon due to the possibility of increasing
the emission of nitrogen oxides and increasing the heat load of the engine. It should be
emphasized that these changes are the strongest in the low range, where differences in
higher loaded engine working states between the 1100 rpm and 1500 rpm of speed causing
an increase of about 60 ◦C between this curves. For the exchange rates between 20% 70%
and higher engine loads at medium speeds, an increase in engine speed above 1300 rpm
causes a decrease in exhaust gas temperature to 300 ◦C and a maximum temperature in
this engine operation state increase of about 50 ◦C. A higher exhaust gas temperature at
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higher loads and a slightly lower one at higher speeds is natural due to the engine using
more fuel at high loads and significantly higher flow through the engine at high speed,
which is clearly visible in the diagram.

Seeing the values of the exhaust gas temperature achieved at higher engine loads,
one can immediately see the association of these values with the achieved smoke in those
engine operating states where these values (visible in Figure 10) are clearly higher than
in states in which the engine was loaded with less braking torque. This figure shows the
dependence of smoke on the degree of replacement in six defined operating states.

Figure 10. Smoke opacity for individual engine operating points (rotation speed, torque) in the
diesel/CNG replacement function.

Figure 10 shows a clear increase in smoke with an increase in the diesel/CNG replace-
ment ratio of about 200–300% at different points, depending on the operating conditions.
Smoke opacity at low engine load regardless of replacement is slightly higher than for
smoke obtained for an engine sown exclusively with diesel fuel. In the case of engine oper-
ation at a higher load, the smoke increases many times and at some degrees of replacement
significantly deviates from the trend, which is a critical case, and which will be addition-
ally verified during subsequent tests of this engine. Significantly higher concentrations
recorded for two engine operation states may result from high engine load at lower rpm,
but comparing the absolute values of concentrations for individual engine operation states
is not advisable without checking the emissions at these operating points. For low loads,
only at small and high replacement values, did smoke increase, which will require more
in-depth diagnostics in the future.

Unlike smoke and exhaust gas temperature, the dependence of carbon dioxide con-
centration as a replacement function is laid. Theoretically, carbon dioxide emissions should
decrease as the rate of replacement of diesel by natural gas increases. The diagram shown
in Figure 11 shows a decrease in the value of carbon dioxide concentrations in the exhaust
gas is visible and in most cases it takes on a close to linear character.
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Figure 11. Concentration of carbon dioxide in the exhaust gas for individual engine operating points
(rotation speed, torque) as a function of replacing diesel/CNG.

The strongest concentration drops occur at lower replacement values, then the level of
carbon dioxide concentration in the exhaust gases begins to stabilize. There is a small visible
decrease in carbon dioxide concentration with an increase in the diesel/CNG ratio, which
reaches a maximum decrease of about 20–30% depending on the operating conditions.
The reduction in the concentration of carbon dioxide is associated with a change in the
elementary H/C ratio (hydrogen/carbon) as a result of replacing diesel fuel with a high
carbon content, with a gaseous fuel, methane, which has a high hydrogen content. This
phenomenon is accompanied by an increase in the water content of the exhaust gas [37].

The linear relationship is no longer visible in the diagrams in Figure 12 which shows
the effect of the diesel/CNG replacement factor on the concentration of carbon monoxide
in the exhaust gases.

Figure 12. Concentration of carbon monoxide in the exhaust gas for individual engine operating
points (rotation speed, torque) as a diesel/CNG replacement function.
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Figure 12 shows a clear increase in the concentration of carbon monoxide with an
increase in the degree of diesel/CNG replacement. The course of curves is difficult to
associate between individual engine operating states, the mileage of the graphs clearly
differ from each other. The CO content of diesel/CNG was up to 20 times higher in
some dual fuel engine operating states than when powered solely by diesel and generally
increases with an increase in the degree of diesel-CNG replacement. The most intense
increase in CO concentration can be observed with small (up to 30%) replacement values.
The CO content at an engine load of ~0.5 kN·m and at 1300 crankshaft revolutions per
minute increases with an increase in CNG conversion to 60%. Above this level, it decreases
to a value of about 150 ppm, but it is still 10 times higher than when the engine is powered
solely by diesel. Possible decreases in the concentration of CO in the exhaust gases occur at
the replacement level of 40–70%, but they are many times higher than when powered only
by diesel.

The increasing share of CO in the exhaust gases, which increases with the increase in
the degree of replacement, is correlated inversely with the NO content in the exhaust gases,
which is consistent with theoretical assumptions [38]. The concentration of nitric oxide in
the exhaust gas is shown in Figure 13.

Figure 13. Concentration of nitric oxide in the exhaust gas for individual engine operating points
(rotation speed, torque) as a diesel/CNG replacement function.

The graph shows a decrease in the concentration of NO in the exhaust gases with an
increase in the degree of replacement to a value of about 30% of the degree of replacement,
while with a further increase in the degree of replacement, from a level of about 40%, the
concentration of NO in the exhaust gas in some operating states increased. There is no
clear correlation with the temperature of the exhaust gases, so the increases may result
from the formation of local combustion areas with elevated temperatures. This is due to
the failure to adapt the geometry of the combustion chamber to the needs resulting from
the supply of natural gas to this engine. Decreases in NO concentration, on the other hand,
most likely result from reduced availability of methane used by the methane supplied
to the engine, because along with an increase in the degree of exchange, the value of the
excess air coefficient decreases.

The reverse situation can be seen in the diagram shown in Figure 14, showing the
effect of the diesel/CNG replacement factor on the concentration of nitrogen dioxide in the
exhaust gas.
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Figure 14. Concentration of nitrogen dioxide in the exhaust gases for individual engine operating
points (rotation speed, torque) as a function of replacing diesel/CNG.

Intensive growth with an initial small degree of replacement may indicate the for-
mation of a larger frontal surface of the flame, which results in an intensification of the
phenomenon of frontal (fast) NOX formation, including NO2. There is no correlation of
such a clear increase in NO2 concentration with the increased temperature of the exhaust
gases, which, given the lack of this correlation also in the case of NO concentration, may
indicate the widespread occurrence of a reduction reaction (2) in flame areas with low
temperatures, the OH component is stable and can react with NO formed in areas with a
higher temperature [39].

NO2 + HNO + OH (4)

It should be remembered, however, that the combustion temperatures that could occur
locally are uneven, and at low temperatures a small concentration of hydrocarbons can
accelerate the process of transition of nitric oxide to nitrogen dioxide. When the exhaust gas
components forming the so-called NOx are in chemical equilibrium with each other, then
the amount of NO2 reaches very low concentrations compared to NO [40]. However, there
is a clear increase in the concentration of NO2 in the exhaust gas in the case of two engine
operating states—at a load of ~0.5 kN·m and 1100 crankshaft revolutions per minute, and
at a load of ~1.05 kN·m and 1500 revolutions per minute. The concentration increases most
strongly from the initial low replacement to a value of about 20%, then for subsequent
replacement values it stabilizes so that at values exceeding 60% of the replacement, it
increases again. This trend does not occur in other engine operating states, in which the NO2
concentration values after the initial increase stabilize and remain approximately constant
in the remaining replacement values exceeding 15–20%. The linear course of these graphs
indicates the stability of combustion for different degrees of replacement in these engine
operating states, while the states in which a clear increase in NO2 concentration is observed
are also correlated with the increase in CO concentration visible in the previously presented
Figure 12 and with the increase in CH4 shown in Figure 15, illustrating the influence of the
diesel/CNG on the methane concentration in the exhaust gases as shown below.
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Figure 15. Methane concentration in the exhaust gas for individual engine operating points (rotation
speed, torque) as a function of replacing diesel/CNG.

The graph shows a clearly higher concentration of CH4 for those engine operating
states for which higher concentrations of CO and NO2 have also been recorded. This
clearly indicates an increase in the phenomenon of incomplete combustion of hydrocarbons
supplied to the engine, which is most likely due to the previously described incompatibility
of the combustion chamber geometry to supply the gaseous fuel supplied to the engine.
Incomplete combustion can occur in various engine operating states, because it depends to
a large extent on the composition of the natural gas-air mixture in the combustion chamber.
The formation of poorer and richer fuel zones results in part, from the degree of turbulence
of the [41] mixture, which, with a combustion chamber not adapted to such a mode of
operation, may differ significantly in different engine operating conditions. Hence, in
individual engine operating states, there may be intense increases in emissions of unburnt
CH4 which is difficult to explain by other reasons. The increasing emission of CH4 results
directly from the increase in the exchange ratio, i.e., the appearance in the combustion
chamber of more methane that will not be fully burned [42]. Its appearance in a high
concentration has an impact on the formation of NO2, which, according to the Fenimore
mechanism, converts the nitrogen contained in the mixture into its oxides as a result of
hydrocarbons present in the fuel [43], which in the case of the correlation of their high
concentration with high concentration of unburnt methane suggests an intense occurrence
of this phenomenon. Another reason for the presence of methane in the exhaust gases is
the failure to adjust the geometry of the camshaft to the change of method of fuel supply.
A common rule is the use of “cylinder flushing” in turbocharged engines, i.e., part of the
supercharged air in the final phase of the exhaust process gets, along with the exhaust gases,
into the engine exhaust system. In this case, the inlet air to the engine contains methane,
which causes an increase in its concentration in the exhaust gases.

In the case of a working state in which the engine was loaded with a braking torque
of ~1.05 kN·m at a crankshaft speed of 1500 rpm, there was also a high concentration of
ethane, as can be seen in Figure 16, showing the influence of the diesel/CNG replacement
coefficient on ethane concentration in the exhaust gases.

100



Energies 2022, 15, 4563

Figure 16. Ethane concentration in the exhaust gases for individual engine operating points (rotation
speed, torque) as a function of diesel/CNG replacement.

A clear decrease in ethane concentration is visible with an increase in the diesel/CNG
replacement coefficient in all engine operating states. The values of decreases exceed 75%,
which is mainly due to the reduction in the share of hydrocarbons from injected diesel fuel,
whose energy share with the increase in fuel replacement is systematically decreasing.

However, the upward trend can be seen in the diagrams in Figure 17, which shows the
concentration of all hydrocarbon components excluding methane—NMHC (Non Methane
Hydro Carbons)—depending on the degree of replacement, in which the points which
are extremely different from the adjacent operating points clearly indicate incomplete
combustion resulting from insufficient turbulence of the mixture in a given load state of the
IC engine, which, as previously demonstrated, results from the inadequacy of the design of
this engines combustion chamber for combustion of natural gas.

Figure 17. NMHC concentration in the exhaust gases for individual engine operating points (rotation
speed, torque) as a function of diesel/CNG replacement.

101



Energies 2022, 15, 4563

In general, the charts show an upward trend of NMHC concentrations with an increase
in the degree of replacement of diesel by CNG. Despite the decrease in the amount of
injected diesel fuel, the number of unburned hydrocarbons heavier than CH4 is increasing,
which indicates an increase in the share of unburnt fuel in exhaust gases. This phenomenon
suggests that the combustion chamber of the tested engine should be rebuilt in order to
improve the possibility of using natural gas as an additional fuel in this engine.

On the other hand, a clear decrease in all concentration values with an increase in the
degree of replacement is also visible for NH3, which is visible in Figure 18 showing the
influence of the diesel/CNG replacement coefficient on the concentration of NH3 in the
exhaust gas at the output from the engine.

Figure 18. Detonation status for individual engine operating points (rotation speed, torque) in the
diesel/CNG replacement function.

Clear decreases in the concentration of ammonia in the exhaust gases are an interesting
phenomenon, because they are associated with the emissions of other harmful exhaust
components already presented, and the phenomenon of direct NH3 emissions from the
IC engine most strongly affects engines powered by LPG or CNG. In the case of a dual
fuel engine, it is therefore interesting to look at the phenomenon of the formation of this
harmful substance in the process of co-combustion of diesel fuel and natural gas.

NH3 can be emitted from a piston engine every time it is operating on stoichiometric
or close to stochiometric parameters of combustion. NH3 emissions are mainly created by
the engine NO emissions by reactions (5) and (6).

2 NO + 4 CO + 2 H2O + H2 → 2 NH3 + 4 CO2 (5)

2 NO + 5 H2 → 2 NH3 + 2 H2O (6)

As the concentration of CO, NO and H2 in the exhaust gas increases, the amount
of NH3 increases simultaneously. The mentioned substances are natural components of
the exhaust gases, which determine the amount of NH3 produced. NO is formed when
nitrogen-containing substances are involved in the combustion process (it can come from
both air and fuel). CO is most strongly produced in rich fuel-air mixtures, where there is a
small amount of oxygen for the fuel to be burned. H2 can be produced when fuel is burned
under high pressure and in high temperatures, because under these conditions the chemical
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bonds that hold the hydrogen contained in the fuel break down. Other possibilities of
obtaining hydrogen are water gas shift (7) or steam reforming (8) [44].

CO + H2O → CO2 + H2 (7)

CnHm + n H2O → n CO + (m/2 + n) H2 (8)

Higher engine NO, CO, HC and H2 emissions could bring about higher NH3 emissions,
but not all of these substances were measured in our research. It can be seen that the type of
fuel used may have an influence on the amount of H2 produced in the combustion chamber
according to reaction (8), so the level of replacement can influence it too.

Summing up, along with the enrichment of the air-fuel mixture, the conditions for the
formation of NH3 improve in general, but in our case, the high content of methane led to
a reduction in its concentrations due to the reduction of the concentrations of substances
generated mainly in the process of combustion of fuels with longer hydrocarbon chains [45].

The authors of the article says that the main way to reduce NH3 emissions in SI engines
is to reduce CO and NO emissions in the exhaust gas. A similar situation can be found in
dual fuel engines using a large amount of gaseous fuel. The authors state that “in particular,
this may be a significant problem in gaseous engines”. Variability in gaseous SI or CI dual
fuel engines should be lower than that for gasoline engines.

In the case of our research, the concentration of NH3 in the case of four engine
operating states did not change significantly, while in the case of two others it decreased
significantly. No concentrations in the exhaust gases were fairly stable, while CO increases
were more intense, but in operating states where an intense decrease in NH3 concentration
was observed, it is difficult to find a correlation between their concentrations. On the
basis of the theoretical assumptions cited, for a more thorough analysis it will be necessary
to know the concentration of water and hydrogen in future tests. Reactions (9) and (10)
between ammonia and nitrogen oxides inside the (inactive) SCR reactor may have affected
the final emission of both of these substances, which also makes it impossible to clearly
indicate the cause of such intense changes in NH3 concentration in some engine operating
states [39].

4 NO + 4 NH3 th O2 → 4 N2 + 6 H2O (9)

NO + 2 NO2 + 4 NH3 → 4 N2 + 6 H2O (10)

Summary of the Results

Summarizing the obtained test results and dividing them into individual engine
operating states, the following analysis of the obtained results can be carried out:

• Test results obtained for an engine loaded with approximately 520 Nm at 1100 rpm

Smoke opacity, regardless of the CNG content, is similar to the smoke obtained for
an engine sewn exclusively with diesel fuel. Only with a 20% replacement, the smoke is
approximately 3027 times greater than the average smoke value for the remaining CNG
substitution factor, which will require more in-depth diagnostics in the future. The CO
content of diesel/CNG is up to 20 times higher than that of diesel-only and generally
increases as the degree of replacement of diesel oil by CNG increases. The content of
NO, NOx and ammonia NH3 decreases with increasing degree of substitution, despite
the increase in exhaust gas temperature. When increasing the CNG content, the share of
methane CH4 and ethane C2H6 in the exhaust gases increases.

• Test results obtained for an engine loaded with a torque of approx. 1150 Nm at a speed
of 1100 rpm.

For these test conditions, it was not possible to achieve stability, without detonating
engine operation with diesel replacement by CNG above 50%. Smoke opacity, regardless
of the CNG content, is similar to the smoke obtained for an engine supplied exclusively
with diesel fuel. Only with a replacement of 15% is the smoke opacity 10 times greater
than the average smoke value for the remaining CNG diesel replacement values, which is a
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critical case, and which will be further verified in subsequent tests of this engine. As the
CNG content increases, the share of CO increases. The content of NO decreases and NO2
increases as the conversion rate increases. With a replacement rate of 50%, the NO2 content
increases significantly compared to the nitrogen oxide content when powered solely by
diesel. This is despite the decrease in exhaust gas temperature in this range of engine
operation. When increasing the CNG content, the share of methane CH4 (up to five times
higher than when powered only by diesel) and ethane C2H6 (three times compared to
diesel-only) increases in the exhaust gases.

• Test results obtained for an engine loaded with approximately 480 Nm at 1300 rpm

For these test conditions, it was possible to obtain stable, stemless operation of the
motor with the replacement of diesel by CNG even at the level of 85%. Smoke opacity
regardless of the CNG content is very small and similar. It ranges from 0.01 to 0.05 m−1.
The CO content increases as CNG conversion increases up to 60%. Above this level, it
decreases (to a value of approx. 150 ppm), but it is still 10 times higher than when the
engine is powered only by diesel. An increase in the degree of conversion causes a decrease
in both the amount of NO and NOx. The proportion of ammonia NH3 decreases with
increasing degree of conversion (up to 60%), and then increases slightly. With an increase
in the share of CNG, the content of CH4 is systematically increasing. A similar relationship
was observed for ethane (C2H6) to 50%, and then above 80%. The share of CH4 increases
from 10 ppm (when powered only by diesel) to 130 ppm for 85% CNG conversions.

• Test results obtained for an engine loaded with a torque of approximately 980 Nm at a
speed of 1300 rpm

For these test conditions, it was possible to obtain stable, stemless operation of the
motor with the replacement of diesel by CNG up to 70%. The smoke with diesel is 0.04 m−1.
With a 15% share of CNG, it increases to a value of about 0.13 m−1, and then generally
decreases. The CO content increases as CNG conversion increases. At 40–70% share, CNG
is 9 times higher than when powered solely by diesel. An increase in the conversion rate to
40% causes a decrease in the amount of NO. At higher conversion rates, NO increases. With
a conversion of 70%, the proportion of nitrogen oxides is greater than when powered solely
by diesel. With an increase in the share of CNG, the content of both methane CH4 and
ethane C2H6 is systematically increasing. A similar relationship was observed for C2H6.

• Test results obtained for an engine loaded with approximately 500 Nm at 1500 rpm

For these test conditions, it was possible to obtain stable, smooth operation of the
motor with the replacement of diesel by CNG up to 80%. The smoke is very small and
is 0.01 to 0.04 m−1. As the CNG content increases, the CO2 content decreases, while the
share of CO increases. The share of both NO and NOx decreases with increasing CNG
conversion rate. When increasing the share of CNG, the share of methane CH4 and propane
C2H6 increases.

• Test results obtained for an engine loaded with approximately 1040 Nm at 1500 rpm

For these test conditions, it was possible to obtain stable, stemless operation of the
motor with the replacement of diesel by CNG only up to 60%. Smoke opacity increases
in the conversion rate range of 0–30% from 0.015 m−1 (for diesel only) to 0.05 m−1 for
a conversion rate of 15–30%. With a further increase in the share of CNG, the smoke
decreases to 0.035 m−1 with the largest share of CNG. The share of CO increases with the
increase in the degree of CNG conversion (up to 30%). Above this value, the share of CO
is approximately constant. In this respect, it is 20 times larger than when the engine is
powered solely by diesel. As the CNG content increases, there is a tendency to reduce the
proportion of both NO, NOX and NH3. At the same time, for the degree of CNG conversion
above 50%, the share of nitrogen oxides NOX increases rapidly).

The aggregate graphs clearly show the twin trends occurring for the same degrees of
diesel fuel replacement by CNG at individual engine operating points. On the XY diagrams,

104



Energies 2022, 15, 4563

a clear deviation from the trend of the NO2 value can be seen at an engine load of 0.5 at
1500 rpm. This is also visible for CH4 and CO emissions, where also for a rotational speed
of 1300 rpm the CO concentration value was higher than at other operating points. At this
engine speed, regardless of the load, significantly higher smoke was recorded than at other
operating points.

Based on the analysis of the obtained test results, the conversion values (share) of
CNG in the fuel dose were determined, which allowed the minimum lowest smoke k min,
emissions CO, NO, NO2, CH4, NH3 and C2H6 for the considered operating parameters of
the Volvo FH13 engine to be obtained—these values are summarized in Table 2.

Table 2. The replacement of diesel/CNG setting with the lowest concentration of harmful components.

Rotational Speed [RPM] Load [Nm]
CNG Replacement Setting [%] When There Is a Minimum Share of:

CO NO NOX NH3 C2H6 CH4 kmin

1100
520 20 70 50 80 30 20 60

1150 15 40 30 50 15 15 40

1300
480 20 85 85 60 20 20 80

980 15 40 40 70 15 15 60

1500
500 20 70 80 70 50 20 80

1040 15 30 30 60 20 15 60

4. Conclusions

1. It was noticed that the smoke density and exhaust gas temperature did not decrease
with increasing degree of diesel oil replacement with natural gas. The concentration
of CO, NOX, CH4 and NMHC increased, while the concentration of CO2, C2H6,
NH3 and the consumption of diesel fuel by the engine decreased significantly. The
conducted research has shown the possibility of obtaining high degrees of diesel/CNG
exchange. An increase in the methane content in the air-fuel mixture will match the
increase in the proportion of toxic exhaust gas components (before the exhaust after-
treatment system).

2. The biggest amount of fuel replacement that could be carried out without knocking
the combustion effect was about 90% of CNG fuel. This is a good result in comparison
to other researchers’ test results.

3. Unambiguous indication of the optimal settings for adjusting the diesel/CNG ratio
due to the different impact of the same CNG proportions on the parameters under
consideration is difficult. The performed research allowed us to quantify the impact of
the CNG share on the parameters under consideration, and the obtained dependencies,
shown in the figures, are often not unambiguous.

4. The tests showed that the use of CNG fuel causes an increase in the share of toxic
compounds in the exhaust gases, to the greatest extent CO and HC hydrocarbons.
The content of these components at many measuring points is several times to several
dozen times higher than for an engine powered solely by diesel. The dependencies
shown in the drawings are difficult to explain unequivocally, comparing them with the
results available in other studies [46–49] it is possible to clearly state the inadequacy
of the engine to supply a dual fuel using natural gas and diesel, and in order to use
the full potential of this type of power supply thorough structural changes to the
engine are required. The increase in hydrocarbon emissions may result from the
course of fuel combustion (however, it can be said with certainty that unchanged
design solutions of an engine originally adapted to burn only diesel fuel contribute
to a large extent to the emission of unburnt methane, which is the largest share of
hydrocarbon compounds emitted by the engine). In turn, the increase in the share of
carbon monoxide is difficult to explain; reducing the coefficient of excess air leads to
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an increase in the concentration of CO in the exhaust gases. This is due to the much
lower availability of oxygen in the combustion chamber than in the case of mono-fuel
diesel fuel.

5. A decrease in CO2 content was found with the diesel/CNG mixture, which is associ-
ated with a change in the elementary H/C ratio in the outgoing exhaust gases. This is
beneficial from the point of view of toxic and greenhouse gas emissions. Changes in
CO2 content are proportional to changes in the diesel/CNG substitution factor.

6. A dozen or so percent increase in the content of nitrogen oxides—mainly nitrogen
dioxide in the exhaust gases—was found. This is related to the change in the organi-
zation of the process—from qualitative to quantitative control. The introduction of
CNG gas into the intake manifold reduces the excess air coefficient and increases the
combustion temperature of the fuel-air mixture. Increasing the combustion tempera-
ture results in an increase in the NO2 content, which affects the total NOx emissions.
The vehicle from which the engine comes is equipped with an SCR system, which
should reduce NOx emissions to the required level.

7. A several-fold increase in the methane content of the exhaust gases was found. This is
related to the contraction of the intake and exhaust system—flushing the combustion
chamber. This phenomenon may also cause an increase in carbon monoxide emissions
during type-approval tests and, as a result, exceeding the limits resulting from the
requirements of EURO standards. This conclusion is confirmed by a several-fold
increase in the content of carbon monoxide in the exhaust gases. This is due to the
introduced changes in the organization of the combustion process, i.e., the transition
from qualitative to quantitative control, as in the case of NOx concentration. The
introduction of CNG gas into the intake collect causes the fuel to be mixed with air
beforehand, resulting in a mixture close to homogeneous, which is then supplied to
the cylinder. After compression, diesel is injected into this gas mixture in the liquid
phase. This causes local oxygen deficiencies which promotes incomplete combustion
and the formation of carbon monoxide and an increase in smoke when feeding
diesel/CNG in the range of 50–120% depending on the operating conditions. This is a
very unfavorable phenomenon from the point of view of environmental protection
due to the increase in the emission of particulate matter into the atmosphere.

8. The reasons for the increase in smoke can be several:

• reduction of the excess air coefficient caused by the supply of CNG fuel in
gaseous form,

• change in the method of combustion of the fuel-air mixture, resulting from the
shift of the flammability limit and homogenization of the mixture,

• local oxygen deficiencies, resulting from co-combustion of CNG and diesel, which
leads to a local reduction in the coefficient of excess air, especially in the area of
diesel combustion.

9. In order to optimize the engine due to the emissions of individual exhaust components,
tests must be carried out to select the timing phases and to optimize the CNG fuel
injection process.

10. In the opinion of the authors, it is necessary to further evaluate the energy state of
the tested engine and to evaluate the emissions of individual exhaust gas compo-
nents. According to the researchers, some issues, such as drops in NH3 concentration,
increased NMHC concentrations or the lack of noticeable smoke reduction, require
further research. Moreover, the concentrations of other exhaust gas components
and the achieved overall efficiency of the engine are also interesting and require
further analysis.
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Abstract: This paper presents an experimental evaluation of the effect of air filter pressure drop on
the composition of exhaust gases and the operating parameters of a modern internal combustion
Diesel engine. A literature analysis of the methods of reducing the emission of toxic components of
exhaust gases from SI engines was conducted. It has been shown that the air filter pressure drop,
increasing during the engine operation, causes a significant decrease in power output and an increase
in fuel consumption, as well as smoke emission of Diesel engines with the classical injection system
with a piston (sectional) in-line injection pump. It has also been shown, on the basis of a few literature
studies, that the increase in the resistance of air filter flow causes a change in the composition of car
combustion engines, with the effect of the air filter pressure drop on turbocharged engines being
insignificant. A programme, and conditions of tests, on a dynamometer of a modern six-cylinder
engine with displacement Vss = 15.8 dm3 and power rating 226 kW were prepared, regarding the
influence of air filter pressure drop on the composition of exhaust gases and the parameters of its
operation. For each technical state of the air filter, in the range of rotational speed n = 1000–2100 rpm,
measurements of exhaust gas composition and emission were carried out, as well as measurements
and calculations of engine-operating parameters, namely that of effective power. An increase in the
pressure drop in the inlet system of a modern Diesel truck engine has no significant effect on the
emissions of CO, CO2, HC and NOx to the atmosphere, nor does it cause significant changes in the
degree of smoke opacity of exhaust gases in relation to its permissible value. An increase in air filter
pressure drop from value Δpf = 0.580 kPa to Δpf = 2.024 kPa (by 1.66 kPa) causes a decrease in the
maximum filling factor value from ηυ = 2.5 to ηυ = 2.39, that is by 4.5%, and a decrease in maximum
power by 8.8%.

Keywords: internal combustion engines; air filter pressure drop; engine power; exhaust components;
emission of toxic exhaust components

1. Introduction

There are over one and a half billion passenger cars and commercial vehicles in use in
the world, and forecasts indicate that these numbers will continue to increase [1]. Road
transport is the most common means of transport, and the most popular form of vehicle
propulsion are internal combustion engines, among which compression ignition engines
play a decisive role [2]. These engines are widely used in automotive, agricultural and
industrial applications, as well as being used as stationary and military equipment, due
to their high energy conversion efficiency and durability. Currently used compression
ignition engines are fueled by mineral diesel derived from refined petroleum with minor
additions of bio-components.

The main disadvantage of using Diesel engines is the emission of harmful substances,
especially nitrogen oxides (NOx), particulate matter (PM), carbon monoxide (CO) and
unburned hydrocarbons (HC). The combustion of the fuel–air mixture is a process whose
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end results are often different from the desired ones. Although modern diesel vehicles
provide lower fuel consumption, lower emissions and good driveability, NOx and PM
emitted by diesel engines are considered a serious public health problem and contribute to
respiratory and cardiovascular diseases.

According to the authors of the paper [3], road transport is largely responsible for
emissions of nitrogen oxides (30%), carbon monoxide (20%) and, to a lesser extent, for
particulate matter emissions—a few percent. The authors of paper [4] analysed the actual
driving conditions of passenger cars on five different routes in Delhi and showed that the
average emission rates of CO, HC and NOx were 3.99, 0.34 and 0.54 g/km for diesel vehicles,
respectively. For petrol vehicles, the emission factors were higher and were: 7.26, 0.17 and
0.62 g/km, respectively. Emissions were shown to increase with increasing vehicle speed
and acceleration. Moreover, the emissions were minimal at the speed of 40–60 km/h and
acceleration, below 0.5 m/s2. On the other hand, according to the authors of works [5,6],
almost 30% of the world’s greenhouse gas emissions come from the transport sector, which
leads to global warming, and compression ignition engines are the main source of airborne
particulate matter.

A car engine exhaust is a mixture of many substances, molecules, compounds and
groups of chemical compounds. For the most part, they are non-toxic gases normally
contained in the air that humans breathe. Only a relatively small part of the exhaust gases is
a burden on the environment (harmful substances), and an even smaller part has poisonous
properties (toxic substances)—Figure 1. It is generally accepted that the toxic substances
in exhaust gases are carbon monoxide CO, nitrogen oxides NOx, hydrocarbons HC and
particulate matter PM. The toxic components in the exhaust of an SI engine are about 1%
and in Diesel engines only 0.3% [7].

(a) (b)

Figure 1. Exhaust gas composition: (a) SI engine, (b) Diesel engine. The figure was made by the
authors based on information from the paper [7].

PM (Particulate Matter) is soot that is a byproduct of complete and incomplete com-
bustion of hydrocarbons caused by local oxygen deficiency. Exhaust particulate matter is
not only concentrations of carbon atoms (soot), but also unburned hydrocarbons from fuel
and lubricating oil, water vapor, abrasive wear products from metals, sulfur compounds
and ash. Soot itself, as a chemically pure carbon, is not dangerous to the human body. It is
the compounds on its surface that are dangerous.

The harmful effect of particulate matter on the environment and living organisms is
due to the fact that: they persist for a long time in the atmosphere due to their small size
(0.01–30 μm), so they are easily absorbed by the respiratory system. They enable heavy metals
(lead), sulphur compounds, nitrogen compounds and other hydrocarbons to enter the body.

Nitrogen oxides NOx are formed during combustion in the fuel chamber at high
temperatures. They are the most toxic components of exhaust gases. Of the five different
nitrogen oxides (N2O, NO, N2O3, NO2 and N2O4) in the atmosphere, NO nitric oxide and
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NO2 nitrogen dioxide are most abundant. Nitric oxide NO, when absorbed into the human
body, reacts rapidly with hemoglobin to form NO-hemoglobin (HBNO). Its affinity for
hemoglobin is 1500 times higher than that of carbon dioxide (CO2) [8]. The formation of
NOx is favoured by a high compression ratio, high engine load, high combustion tempera-
ture, early ignition or injection advance angle and a lack of air–fuel mixture turbulence.

Carbon monoxide (CO) is an odorless gas produced during unstable combustion
processes caused by local oxygen deficiency. This compound binds easily with hemoglobin
(200–300 times faster than oxygen). The formation of CO is favoured by a too-rich mixture
in SI engines or a low excess air ratio in compression-ignition engines, low engine load,
low temperature of cylinder walls (underheated engine, idling), late fuel injection advance
angle or late ignition advance angle, small load turbulence and the use of exhaust gas
recirculation [8].

Hydrocarbons (HC) emitted into the atmosphere by motor vehicles are primarily
formed by complete and incomplete combustion of rich mixtures, or during local oxygen
deficiency and by emissions from the fuel system. Large amounts of hydrocarbons are
formed in the case of combustion of too-lean mixtures due to ignition loss and a prolonged
combustion process resulting from a low combustion speed of such mixtures. The formation
of hydrocarbons is favoured by the low temperature of the combustion chamber walls
(underheated engine), late fuel injection or late ignition, non-uniform mixture and low
charge turbulence.

In addition to fuel combustion products, motor vehicles emit particulate matter re-
sulting from abrasive wear processes on tires and road surfaces [9–14], friction linings and
brake discs [15–17], and clutch disc linings.

In order to minimise the problem of environmental pollution from car engine exhausts
and to meet increasingly stringent emission standards, intensive research is being con-
ducted that focuses on two directions: first, the development of technology to provide
fuel economy; and second, the reduction in exhaust emissions. Research to reduce ex-
haust emissions is being conducted intensively in many areas. One of them is combustion
management, mainly related to fuel injection control [18]. Higher emissions of particulate
matter (PM) and nitrogen oxides (NOx), and the resulting trade-off between them, are the
main drawbacks of conventional diesel engines. Many researchers have shown that PM
emissions from compression ignition engines are generally 10–100 times higher than those
from gasoline-fueled spark ignition engines [19,20].

Combustion, exhaust emissions and performance characteristics of a diesel engine are
directly influenced by several factors, including fuel injection pressure, time of injection
start, amount of fuel injected, injection pattern, number of nozzles, spray pattern, etc.
However, some of these parameters also have an indirect effect on engine power, and one
such important parameter is heat transfer.

The parameters of the injection system and the injection characteristics have a very
large influence on the combustion, emissions and performance of a compression ignition
engine. The primary technique used in modern common rail injection diesel engines is the
multiple injection method, which is used depending on the purpose to be served [21–24].
Depending on the engine speed and load, modern diesel engines have pilot injection,
primary injection and secondary injection.

Typically, most of the fuel for the engine duty cycle is injected in the main injection
cycle. Pilot injection reduces NOx and PM emissions, reduces combustion noise and peak
cylinder pressure and exhaust temperature. Final injection controls particulate emissions
and exhaust gas temperature, the adequate value of which is necessary for the proper oper-
ation of exhaust after-treatment systems or turbochargers [25]. The authors of paper [26]
found that final injection provides additional energy that improves mixing and accelerates
soot oxidation at the end of the combustion process. They also found that end injection
increases the temperature in the combustion chamber and the rate of soot oxidation. On the
other hand, Kumar et al. [27] studied and compared the effect of injection start angle and
intake air temperature on the combustion process and exhaust emissions in a compression
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ignition engine running on a mixture of ethanol and biodiesel (cottonseed oil product). An
increased injection starting angle results in an earlier start of combustion relative to TDC.
As the piston moves toward TDC, the charge in the cylinder is compressed, causing an
increase in pressure and temperature. At the same time, there is an increase in pressure and
temperature in the cylinder resulting from the progressive combustion of the mixture. As a
result, there is a significant increase in the rate of heat release, which results in reduced HC
emissions and increased NOx emissions, due to the high combustion temperature. On the
other hand, a delayed injection starting angle results in the opposite trend. For an extended
injection timing and a higher intake of air temperature, soot and CO emissions show a
decreasing trend due to the better reaction of fuel with oxygen. With shortened injection
timing, soot and CO emissions show a reverse trend. Increased intake air temperature
when using fuel blend containing ethanol and biodiesel resulted in an increased peak of
in-cylinder temperatures. The increased charge temperature compensates for the higher
heat of vaporisation of the ethanol fuel, resulting in reduced ignition delay. This results in
increased NOx emissions and decreased HC. As a result of improved in-cylinder evapo-
ration and combustion, it can be concluded that preheating the intake air can potentially
reduce CO emissions and smoke opacity.

Exhaust after-treatment technology is another area of research in reducing exhaust
emissions from automobile engines [28–30]. There is also research work related to exhaust
gas recirculation [31,32]. Mossa et al. [32] investigated the effect of hot exhaust gas re-
circulation (EGR) system on engine power and torque, average cylinder pressure, fuel
consumption and exhaust emissions of a direct injection (DI) diesel engine. The test object
was a single-cylinder, four-stroke engine with an air-cooled system with a rated speed of
3600 rpm and a displacement of 0.219 dm3. The tests were conducted in a speed range from
1600 to 3600 rpm with different percentages of EGR exhaust contributions (5%, 7%, 10%
and 15%). The results showed that increasing the proportion of EGR exhaust decreased
engine power and torque while increasing fuel consumption. The effect of EGR exhaust gas
recirculation reduced NOx from 800 to 240 ppm and CO2 from 9% to 4%, while increasing
CO from 2% to 4% and HC from 10 to 100 ppm.

Another method used to reduce exhaust emissions is the use of various alternative
fuels to power engines. Currently, the most studied alternative fuels for compression
ignition engines are biodiesel, vegetable oils, alcohols, dimethyl ether, dimethyl carbonate,
natural gas, liquefied petroleum gas, methane, methane, propane, hydrogen and waste
materials [33–50]. Some of these alternative fuels can be used in pure form while others
are used as dual fuels, fuel blends and emulsions. For example, in [42], changes in exhaust
emissions and effective parameters of an indirect injection compression ignition (IDI)
engine were investigated when running on diesel fuel and in dual-fuel mode by adding
compressed natural gas (CNG). The tests were carried out at three engine load steps of
100%, 75% and 50% and with different fixed CNG percentages of 20, 30 and 40%, and no
gas. It was found that the addition of CNG has a positive effect on the thermal efficiency of
the combustion process and a negative effect on incomplete combustion products, such as
hydrocarbons (HC), which increase on average from 0 ppm to 320 ppm. Carbon monoxide
(CO) increases on average by about 70% at high loads and by about 90% at medium and low
loads compared to diesel fuel. Carbon dioxide (CO2) emissions decrease by an average of
7%. Karczewski et al. [43] made an extensive analysis of the exhaust gas emission problem
in the context of possibilities of its reduction by using fuels with increased H/C ratio. Such
fuels may be a solution to the problem of increasing limitations of exhaust gas emission.

Kukharonak et al. [44] studied the use of n-butanol (biobutanol) in blends with gasoline
in SI internal combustion engines. An experimental study of the effect of n-butanol (0%,
20% and 40% by volume) and gasoline blends on the parameters (Mo, Ne and ge) of an SI
engine was conducted. The results show that increasing the concentration of n-butanol
in the mixture causes changes in engine performance. Power and torque decrease by
1.6 kW (12.7%) and 6.8 Nm (13.8%), respectively, and specific fuel consumption increases
by 6.3 g/(kWh) (2%) when the n-butanol concentration is increased to 40%. The results
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show that, without changing the ignition advance angle αz, the gasoline mixture with 10%
n-butanol has essentially no negative effect on engine power Ne, torque Mo and specific
fuel consumption ge.

Freitas et al. [45] evaluated the performance and NOx, CO, and CO2 content of a
compression-ignition engine fueled with three blends of diesel, biodiesel, and ethanol: pure
B7, B7E3 (B7 with 3% ethanol), and B7E10 (B7 with 10% ethanol). The experimental studies
were performed for fixed engine speeds in the range of n = 1000–1750 rpm and for fixed
loads in the range of 10–100% of maximum torque. B7 was taken as the base for the study
and then ethanol additions (3% and 10% by weight) were evaluated. An increase in ethanol
content in the diesel/biodiesel blend resulted in a 1.4-fold increase in exhaust emissions.
An increase in engine speed resulted in a five- to seven-fold increase in exhaust emissions.
As the ethanol content in the fuel blend increased, NOx emissions were higher, with NO
values being much higher than NO2. CO and CO2 concentrations increased with increasing
ethanol content.

Yang et al. [46] believe that methanol in diesel impairs power performance but im-
proves fuel economy and emissions in compression ignition engines. The methanol ratio
should be kept at 10–15% to balance the power and emission performance.

Electric vehicle technologies are used to solve the problem of environmental pollution
and to meet increasingly stringent emission standards. Pielecha et al. [48] compared exhaust
emissions of two hybrid cars of the same manufacturer made in plug-in version and HEV
version (petrol engine + electric motor). The comparative exhaust emission tests were
carried out on a chassis dynamometer and in real conditions of use—in road traffic. The
obtained values of emission of exhaust components: CO2, CO, NOx and HC were lower
for the plug-in hybrid vehicle by 3%, 2%, 25% and 13%, respectively, compared to the HEV.
Fuel consumption was 3% lower for the plug-in hybrid vehicle and particulate matter was
10% lower compared to the HEV. In real driving conditions, the differences were more
pronounced in favour of the plug-in hybrid vehicle: CO2 emissions in the road test were
30% lower, NOx emissions were 50% lower, and particle counts were 10% lower.

According to the authors of the paper [50], dimethyl ether (DME) is a promising alter-
native to diesel in compression ignition (CI) engines used in various industrial applications.
However, the high emission of nitrogen oxides (NOx) during DME combustion limits its
application. The main reason for high NOx emission is high combustion temperature.
In this study, high exhaust gas recirculation (EGR) was used while testing a CI engine
with common rail direct injection, suitable (with minor modifications) for a passenger car.
The modified fuel supply system provided high injection pressure during the combustion
performance evaluation.

The use of alternative fuels in a compression ignition engine can have several undesir-
able consequences, such as increased fuel consumption and NOx emissions, reduced engine
power, piston ring jamming and sometimes cold engine starting problems [51–53]. These
drawbacks can often be overcome by proper management of the combustion process and by
using appropriate fuel additives. In recent years, nanomaterials are becoming very promis-
ing additives for diesel engine fuels. Their aim is to reduce harmful emissions from diesel
engines and improve their performance [54–63]. Nanomaterials exhibit excellent properties
so that they can be used as fuel additives to improve the performance of diesel engines.

For example, in [61], the effect of adding cerium oxide (CeO2) nanoparticles, which
were added to rapeseed oil (C30D) and diesel fuel at two concentrations (50 and 100 mg/L),
on engine performance, NOx and PM emissions was investigated. The addition of CeO2
nanoparticles to C30D oil and diesel fuel was tested under a secondary fuel injection
(PI) strategy. The results showed that when the engine was operated on a C30D + CeO2
blend, the engine power increased by 9.42% compared to a diesel + CeO2 operation with
and without PI strategy. In addition, specific fuel consumption decreased by 16.46% for
C30D + CeO2 blends compared to CeO2 nanoparticles in diesel. The results showed that
the addition of CeO2 nanoparticles with the same concentration (100 mg/L) to C30D and
diesel fuel resulted in a decrease in NOx emissions by 10.64% and 8.73%, respectively. The
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addition of CeO2 nanoparticles at concentrations of 50 and 100 mg/L to C30D reduced
the PM concentration in the engine exhaust by 28.62% and 42.72%, respectively, compared
to engine operation on fuel without additives. In contrast, adding both concentrations
of CeO2 to diesel fuel reduced the PM concentration by 16.74 and 24.83%, respectively,
compared to diesel fuel without additives. The data from this experiment showed that the
introduction of the PI strategy and the addition of CeO2 nanoparticles at 100 mg/L to the
fuel has a positive effect of increasing engine performance and reducing NOx emissions
and PM concentration.

In work [62], an evaluation of specific fuel consumption and emission of selected
components of exhaust gases from a six-cylinder compression-ignition engine with direct
injection and a displacement of 11,051 dm3 was carried out. The engine was fed with fuel
to which a catalyst containing 5% ferric chloride was added. The results obtained show
that the component added to the fuel has a positive effect on exhaust emissions. There
was an average decrease of 16.7% in particulate matter (PM), 10.1% in CO and 7.9% in
hydrocarbons (HC). In contrast, there was a 1.2% increase in NOx. The difference between
the specific consumption of fuel to which ferric chloride was added and pure diesel fuel
does not exceed the level of measurement error and amounts to 0.5%.

Adzmi et al. in [63] conducted an experimental evaluation of combustion characteris-
tics, engine performance and exhaust emissions after addition and mixing of nanoparticles
with palm oil methyl ester (POME) on a single-cylinder compression-ignition engine. Alu-
minum oxide (Al2O3) and silicon dioxide (SiO2) nanoparticles at 50 ppm and 100 ppm
were used. SiO2 and Al2O3 were blended with POME and designated as PS50, PS100 and
PA50, PA100, respectively. The test results for PS and PA fuels were compared with those
for the POME test fuel. The tests were conducted at engine loads of: 7 Nm, 14 Nm, 21 Nm
and 28 Nm and no load, at a constant engine speed n = 1800 rpm. The results show that
the highest maximum in-cylinder combustion pressure obtained for the fuel containing
nanoparticles is 16.3% higher compared to the POME fuel. Moreover, the peak engine
torque and engine power show a significant increase of 43% and 44%, respectively, recorded
in the test with PS50 fuel. For the fuel containing nanoparticles, NOx emissions decreased
by 10%, CO2 emissions decreased by 6.3% and CO emissions decreased by 0.02%.

An important area of efforts to reduce carbon dioxide (CO2) emissions into the atmo-
sphere is the use of hydrogen fuel cell vehicles [64].

From the above analysis, there is a wide range of possibilities to reduce exhaust
emissions from engine exhaust systems, but in many cases, this involves a decrease in
engine performance.

One of the factors that determine the changes in exhaust emissions from internal
combustion engines is the pressure drop of the intake system, and mainly the air filter
pressure drop defined as the static pressure drop downstream of the filter. The air filter is
an important component of an internal combustion engine that is the power unit of a motor
vehicle, as its performance determines the reliability and life of the engine. Suitable purity
of the air intake to the combustion engines of commercial vehicles is ensured by baffle
air filters, where the filtering element is a pleated paper insert. A characteristic feature
of baffle filters is that during operation, as a result of the deposition and accumulation of
dust particles in the filter bed, its capacity decreases and the air filter pressure drop Δpf
increases steadily. The higher the value of the dust concentration in the air sucked into
the engine, the faster the filter reaches the permissible value—Δpfdop. The pressure drop
of the air filter hinders the air flow to the engine cylinders, which results in a decrease
in the engine filling and power, and an increase in specific fuel consumption. In the
available literature, it is very difficult to find a sufficiently complete picture of the effect of
air filter pressure drop on engine performance metrics, especially on changes in exhaust
emissions. In the available literature, there is a full description of the study of the effect
of air filter pressure drop on the performance of naturally aspirated carbureted and diesel
internal combustion engines with a classic injection system with an in-line piston (sectional)
injection pump [65–68]. The engines of modern passenger cars are equipped with gasoline
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direct injection systems with an electronic control system, while the engines of trucks are
equipped with high-pressure diesel injection systems, such as common rail or systems with
electronically controlled pump injectors. The ECU (Engine Control Unit) of the engine
controls all the quantities which affect the value of the generated torque produced by the
engine, while at the same time meeting the requirements in the area of exhaust emissions
and fuel consumption throughout the life of the vehicle. In the available literature, the
results of empirical investigations determining the influence of the flow resistance of the
air supply system, including the filter, on the performance of a modern car engine and, in
particular, on the composition of exhaust gases, are not encountered very often. Empirical
tests are expensive and labour intensive, which explains the scarce number of available
results. It is considered to be the research method that produces the most reliable results.

Dziubak and Karczewski in [69] carried out extensive experimental research on an
engine dynamometer on the influence of air-filter flow resistance on the basic parameters
of operation (filling factor, power and specific fuel consumption) of a modern Diesel engine
equipped with the common rail fuel supply system. The investigated engine is a driving
unit of a truck tractor. The present work is a continuation of the experimental research, the
results of which will allow to fill the gap in the scope of the influence of the flow resistance
of the air supply system on the change of the quantitative and qualitative composition of
the exhaust gases from the modern Diesel engine.

2. Literature Analysis on the Effect of Intake System Pressure Drop on Engine
Performance and Exhaust Emission Change

As dust settles on the surface of the filter material, the air flow decreases due to
increasing resistance to air flow through the filtration system. The operation of an engine
with an air filter of increased pressure drop causes a decrease in the cylinder filling with
fresh charge and torque, resulting in a decrease in maximum engine power. The result
is a reduction in the dynamic properties of the vehicle. A high air filter pressure drop
(a significant vacuum created behind the filter) can cause the breakaway forces to exceed
the grain adhesion forces to the filter substrate. The result of this phenomenon can be an
avalanche of dust detachment (so-called secondary emission), and sucking it back together
with the air into the engine cylinders will cause accelerated wear of P-PR-C (piston-piston
ring-cylinder) components. In extreme cases the high pressure drop of the air filter can
cause mechanical damage (breakage, rupture) of the filter insert, which will result in
increased wear of engine components. For this reason, when the filter reaches a certain
resistance value, it is necessary to service the air filter by replacing the filter cartridge. In
passenger cars, due to low values of dust concentration in the air, and thus small increments
of the filter pressure drop, this operation is performed depending on the mileage of the
vehicle or its operation time.

Trucks, off-road vehicles, and special vehicles are operated with high and variable
dust concentrations in the air. For this reason, the increase in pressure drop is significant
(by 5–8 kPa), and occurs with varying intensity. If the systematic replacement of filter
cartridges is not observed, an additional increase in air filter pressure drop occurs, resulting
in a significant decrease in engine power, an increase in fuel consumption and a decrease in
the dynamics of vehicle movement.

The paper [65] presents the characteristics of the filling ratio ηυ = f (n), power Ne = f (n)
and torque Mo = f (n) o and specific fuel consumption ge = f (n) of the six-cylinder naturally
aspirated (Vss = 6.842 dm3) 359M Diesel engine with a classic injection system, for three
values of the air filter pressure drop Δpf = 2.3, 6, 12 kPa [65]. As the engine speed increases
in the range of n = 1200–2800 rpm, regardless of the value of the air filter pressure drop,
the characteristics of filling ηυ = f (n), power Ne = f (n) and torque Mo = f (n) shift almost in
parallel toward lower values, and specific fuel consumption ge = f (n) toward higher values.
The increase in the air filter pressure drop in the range of 2.3–12 kPa, when the engine is
operated at engine speed n = 2800 rpm and at 100% load, causes: a decrease in fill factor by
25.7%, a decrease in power by 7.16% and an increase in specific fuel consumption by 8.49%.
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An increase in the air filter pressure drop by 1 kPa causes an average decrease in the filling
factor by 2.65%, a decrease in power by 0.739% and an increase in specific fuel consumption
by 0.876%. The author did not conduct any research on changes in exhaust emissions.

The results of investigations into the effect of the air filter pressure drop Δpf on the
characteristics of the external effective power Ne and specific fuel consumption ge of the
Diesel engine of a special vehicle are presented in [66]. A 12-cylinder (V-system) naturally
aspirated engine with a displacement of 38.88 dm3 and rated power of 430 kW (580 hp) at
n = 2000 rpm, with a classical injection system and multi-range speed controller (direct fuel
injection) was studied. The increase in air filter pressure drop was modeled in the range
Δpf = 3–30 kPa. The effect of air filter pressure drop is not apparent until Δpf = 6 kPa is
reached. A further increase in air filter pressure drop already causes a significant decrease
in engine power and an increase in specific fuel consumption, as well as a parallel shift in
the external characteristics of power and specific fuel consumption toward lower values
of Ne power and fuel consumption ge with a simultaneous shift toward lower rotational
speeds. For air filter pressure drop Δpf = 26.7 kPa, the decreases in power Ne take the
values: 11.75% at 2000 rpm, 20.6% at n = 1400 rpm and 32.7% for 1200 rpm. The author has
not carried out any studies on changes in exhaust emissions.

Dziubak and Trawiński [67] presented experimental research on the effect of air filter
pressure drop in the range of Δpf = 3.1–24.7 kPa on the filling factor and smoke opacity of
the turbocharged, six-cylinder (Vss = 6 dm3) Diesel T359E engine with a classical injection
system. The tests were carried out using the method of free acceleration of the engine
loaded with its own resistance torque and its total moment of inertia, hereinafter referred to
as the “dynamic characteristics” method, which makes it possible to determine the course
of the instantaneous value of the engine torque without loading it on the dynamometer
bench. In the final stage of the engine acceleration process for the air filter with a clean
filter cartridge (Δpf = 3.1 kPa), the filling factor has a value of 1.02. With the increase in the
filter pressure drop, the filling factor takes on smaller and smaller values, respectively: 0.90;
0.81; 0.75. Thus, an increase in the air filter pressure drop Δpf by 1 kPa causes a decrease in
the filling ratio by 1.49%, 1.29% and 1.23% on average. The value of the air filter pressure
drop Δpf = 24.7 kPa, i.e., eightfold increase in the air filter pressure drop Δpf over the value
of the initial air filter pressure drop Δpf0, causes a twofold increase in the smoke opacity of
the T359E engine (increase in the light absorption coefficient) to k = 0.81 m−1. This does not
cause the T359E engine to exceed its maximum value–kmax = 3.0 m−1.

The results of the study of the effect of the baffle filter on the characteristics of the UTD-
20 internal combustion engine of a special vehicle are presented in [69]. A compression-
ignition engine of displacement Vss = 15.8 dm3 and rated power of 226 kW with a classical
fuel injection system was used. The effect of the original air filter with a pressure drop
of Δpf = 13.2 kPa and the modernised filter–Δpf = 4.9 kPa was studied, as well as the
modernised filter working with the engine with an increased (about 7%) fuel dose. During
the operation of the engine with an increased fuel dose and with the modernised air filter, a
significant increase in power and torque was obtained in comparison with the basic variant
of the filter: over 2% for 1600 rpm and over 10% for the 2200–2600 rpm range. However,
a slight (2%) increase in specific fuel consumption was recorded. The increase in engine
power occurred as a result of increased air mass resulting from reduced air filter pressure
drop, an increase in engine fill and an increase in fuel delivery. The authors did not study
the effect of air filter pressure drop on the composition of exhaust gases.

Yang et al. [70] studied the effect of two different air filter designs characterised by
different pressure drop (A—standard filter, B—upgraded filter with lower pressure drop),
on the speed characteristics of a single cylinder compression ignition engine. The effective
power, torque, specific fuel consumption, smoke, oil temperature and engine exhaust
temperature were determined for these two filters and compared with the engine operating
parameters without air filter. The engine working without air filter obtained the highest
power and torque, and the lowest fuel consumption. The operation of the engine with filter
B and A successively causes a shift of the characteristics Ne = f (n) and Mo = f (n) almost in
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parallel toward smaller values, and the characteristic ge = f (n) toward larger values, over
the entire engine speed range. With the air filter type B, the torque increases its value and
is Momax = 73.6 Nm at 1500 rpm, and the fuel consumption decreases to ge = 230.8 g/(kWh).
This is 1.6% more torque and 1.5% less fuel consumption than with air filter type A (higher
pressure drop air filter). Maximum power increases by 1.1% when a lower air filter pressure
drop (type B) is used compared to an air filter type A. Over the entire power range, the
exhaust emissions are naturally low without air filter and high with air filter type A. The
maximum smoke value (light absorption coefficient) increases with an increasing load and
during engine operation without air filter, with air filter type A and with air filter type B is:
k = 1.7, 2.36 and 2.0 m−1, respectively. After replacing type A air filter by type B filter, the
reduction in smoke value by 11% was obtained.

Plotnikov et al. [71] presented the results of numerical simulations of the effect of
geometrical characteristics of the intake duct on wave phenomena and pressure drop in
the intake system of an eight-cylinder turbocharged diesel engine. Numerical studies of
the effective parameters of the engine were carried out for the original intake duct length
L = 1625 mm and diameter D = 156 mm and three other internal diameters: D1 = 80 mm,
D2 = 250 mm and D3 = 330 mm. It is shown that the geometric dimensions of the intake
pipe have a significant effect on the dynamics and pressure drop of the engine intake
system. Decreasing the inner diameter to 80 mm leads to significant pressure fluctuations
in the intake system, an increase in pressure drop and a decrease in diesel engine power
by 0.5–2.5%. Increasing the inside diameter to 250–330 mm leads to a slight smoothing of
the pressure amplitude in the inlet pipe, a decrease in pressure drop and, thus, an increase
in fill factor of 0.5% on average (Figure 2a). This leads to an increase in engine power
by up to 0.7% and a decrease in effective specific fuel consumption by approximately
0.50–0.75 (Figure 2b).

(a) (b)

Figure 2. Calculated relationships: (a) specific fuel consumption ge, (b) filling factor ηυ as a function
of crankshaft speed n for different intake pipe diameters D. Figures made by the authors based on
data from the paper [71].

Abdullah et al. [72] investigated the fuel consumption and exhaust emissions of a
carbureted engine as a function of the pressure drop of the intake system. The study
was conducted while the engine was running with and without air filter. The hourly fuel
consumption with air filter increases from 0.687 dm3/h to 1.028 dm3/h, i.e., by 49.6%, when
the engine is operated at a constant load in the speed range of 1500 rpm to 2500 rpm. In
contrast, when the engine is operated under the same conditions but without an air filter,
the hourly fuel consumption takes on a lower value and increases by only 35.2%.

The NOx content of the exhaust, when the engine is operated without an air filter, is
higher than that with an air filter (Figure 3). At speed n = 1500 rpm, the NOx content of the
exhaust without air filter is 51.7% higher than when the engine is operated with air filter.
For higher speeds of 2000 and 2500 rpm, the NOx content in the exhaust without air filter
is 8.1% and 20.2% higher than that with air filter, respectively. The formation of NOx is

117



Energies 2022, 15, 4815

affected by the maximum temperature and pressure of the combustion process. Without
air filter, the combustion process is more favourable, which leads to a higher temperature
and higher charge pressure, which promotes NOx formation. The higher pressure drop
when the engine is operated with an air filter reduces NOx formation.

 

(a) (b) 

Figure 3. Influence of air filter pressure drop on the content in the exhaust gas: (a) CO2, (b) NOx at
Constant Load. Figure made by the authors based on data from [72].

Shannak et al. [73] measured the exhaust emissions of a four-cylinder, four-stroke
gasoline engine as a function of the pressure drop of the intake system, the value of which
was varied using different air inlet pipe diameters: 20, 25, 30, 35, 40 and 63 mm. The tests
were conducted at engine speeds ranging from 1000 to 4000 rpm. The results showed that
the amounts of hydrocarbons (HC) and carbon monoxide (CO) decrease with an increasing
air intake pipe diameter, increasing engine speed and atmospheric pressure and decreasing
the altitude at which the engine operates, while CO2 and oxygen (O2) remain constant.
Increasing the diameter of the inlet pipe from 20 to 63 mm, which is equivalent to a decrease
in pressure drop, and increasing the altitude at which the engine operates from 600 to
800 m above sea level, corresponding to a change in atmospheric pressure from 0.94 to
0.91 bar, leads to a reduction in hydrocarbons of about 60% and a reduction in carbon
monoxide of about 40% while keeping CO2 and oxygen constant at about 12.7% and 0.63%,
respectively. Increasing the engine speed from 1000 to 4000 rpm leads to a HC reduction of
about 45% and a CO reduction of about 25%, while keeping CO2 and oxygen constant at
about 12.7% and 0.63%, respectively.

Thomas et al. [74] studied the effect of air filter pressure drop on emission changes of
three truck ZS engines. The results for a Dodge Ram 2500 Truck-6.7 L (2007) with a 6.7 dm3

inline six-cylinder engine with variable geometry turbocharging, six-speed automatic
transmission, a diesel particulate filter (DPF) and a NOx reduction system (LNT) are shown
in Figure 4. An increase in air filter pressure drop from 0.3 kPa to 3.9 kPa and then to
7.6 kPa results in a slight increase in CO, HC and fuel consumption, and a slight decrease
in CO2 and NOx. A significant (from 0.3 to 7.6 kPa) increase in air filter pressure drop
causes a slight change in exhaust emissions, which is due to the equipment that this car is
equipped with, namely turbocharging to provide adequate airflow, and a diesel particulate
filter (DPF) and NOx mitigation system.
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a) (b)

Figure 4. Effect of air filter pressure drop on: (a) change in exhaust emissions: CO, CO2, NOx and
fuel consumption for Dodge Ram 2500 Truck-6.7 L engine, (b) air filter pressure drop values. Figure
made by the authors based on data from the paper [74].

In order to protect the engine against excessive power reduction and increased exhaust
emission caused by the increase in the air filter pressure drop, special sensors of the
permissible pressure drop Δpfdop [75,76] are installed in the intake system. Reaching the set
value of the flow resistance by the sensor (most often it is at the maximum air flow rate
for a given engine) is the signal for air filter servicing—replacement of the filter insert. For
trucks and special vehicles, it is assumed that the Δpfdop values are from 6.25 to 7.5 kPa
above the flow resistance of a clean air filter [77]. The value of Δpfdop for passenger car
engines is assumed to be from 2.5 to 4.0 kPa and, for truck engines, from 4 to7 kPa [78]. For
special vehicle engines, the values range from 9 to 12 kPa [79].

The initial efficiency of the air filter (after replacing the filter cartridge with a new one)
is low and, depending on the type of filter material, is about 96–98%, but at the end of
the service life it increases significantly to over 99.9% [80]. Therefore, it is not advisable to
replace the filter cartridge before reaching the established service life. On the other hand,
frequent (unjustified) replacement of the filter element may result in premature engine wear.
The operation of an air filter is a technical compromise between the increase in air filter
pressure drop causing a decrease in engine power output, an increase in fuel consumption
and exhaust emissions and the efficiency and accuracy of filtration, factors that determine
wear and tear and the durability and reliability of a vehicle engine.

The above analysis shows that, as of today, in the available literature there are no
results of investigations of the influence of the pressure drop in the inlet system on the
performance of a modern ZS engine used for the propulsion of trucks/truck tractors
currently on the roads and constituting the basic means of transport of goods. There is no
sufficient data to identify in an unambiguous way the influence of the pressure drop in the
inlet system on the composition of the exhaust gases and the emission of toxic compounds.
Therefore, it is purposeful to determine experimentally the relation between the parameters
of operation of the inlet system of a modern truck engine and the performance of this
engine in terms of changes in the emission of individual components of exhaust gases.

3. Experimental Studies on the Influence of Air Filter Pressure Drop on the
Performance of the Diesel Engine

3.1. Purpose and Focus of the Study

The aim of the research is an experimental evaluation of the influence of the air
filter pressure drop Δpf on the operation parameters represented by the composition and
emission of particular exhaust components, as well as on the opacity of exhaust gases from
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a modern Diesel engine with an electronic fuel supply control system and a supercharging
and air cooling system.

The test object was a six-cylinder, in-line Diesel engine with direct fuel injection—a
supply system with electronically controlled injectors, of the Volvo D13C460 EURO V EEV
truck with maximum power of 338 kW, being a driving unit of the Volvo FH13 truck tractor
with the mileage of 790,500 km. The engine is equipped with four valves per cylinder,
which are controlled by hydraulic tappets driven from the central camshaft located on the
head. This shaft also drives electronically-controlled pump injectors using a piezo-quartz
valve. The basic parameters of the engine are given in Table 1.

Table 1. Basic parameters of the D13C460 EURO V engine [72].

Name of Device Range

Engine type D13C460 EURO V
Maximum power at 1400–1900 rpm 460 hp (338 kW)

Maximum engine speed 2100 rpm
Maximum torque at 1000–1400 rpm 2300 Nm

Number of cylinders 6
Cylinder diameter 131 mm

Piston stroke 158 mm
Displacement 12.8 dm3

Compression ratio 17.8:1

The air supply system consists of an air intake located on the right side of the cabin at its
highest height, an external intake duct of nearly rectangular cross-section located on the rear
wall of the cabin, a rubber folding element connecting the external duct with the air filter
intake duct and a single-stage (baffle) air filter. The filtering element is a cylindrical insert
made of pleated filtering paper with active surface Ac = 13.72 m2. On the outlet pipe from
the air filter there is a sensor of acceptable pressure drop set at Δpfdop = 4.8–5.0 kPa. Suitable
filling of engine cylinders is assured by turbocharger and charge air cooler operating in
an ”air-to-air” system. A detailed description of the engine and intake system can be
found in [69].

3.2. Test Methodology and Conditions

Tests were carried out on a standard dynamometer bench. The motor was loaded with
a water brake type Zöllner PS1-3812/AE with a maximum power of 1250 kW. The torque
Mo generated by the engine was measured with a strain gauge transducer connecting the
swinging brake housing to the foundation. Hourly fuel consumption Ge was measured
using an AVL fuel balance with a 5 s time interval and then averaged over a 60 s interval.
The coolant temperature tch during engine testing was set equal to the operating tempera-
ture of tch = 87–92 ◦C and was maintained using an external heat exchanger. The opacity of
the exhaust gases was determined with the AVL 439 OPACIMETER, which works on the
principle of measuring the light absorption coefficient

Flue gas composition was measured using an Atmos FIR analyser operating on a hot
180 ◦C sample using Fourier Transform Infrared Spectroscopy (FTIR) and with a zirconia cell
oxygen analyser built into the measuring chamber. The device has a Certificate confirming
compliance with the requirements of the EN 15267-1:2009, EN 15267-2:2009, EN 15267-
3:2007 standards. In the used configuration, the device allowed to measure the following
components of the exhaust gases: NO, NO2, N2O, SO2, CO, CH4, CO2, O2, H2O. The
measurement results were automatically converted to normal conditions (pn = 101 325 Pa,
Tn = 273.15K). The spectral operating range of the analyser was 485–5500 cm−1.

The volumetric air demand Qs by the engine was recorded with a thermo-aerometric
flow transducer. The air filter pressure drop Δpf was determined as the pressure difference
p1 before and p2 after the air filter, with the use of a TESTO 400 differential pressure gauge.
The detailed test methodology was described in [69].
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During the tests, for each speed of rotation, the following parameters of engine
operation and parameters of the air flow in the intake system were measured directly:

• engine torque, Mo [Nm],
• engine rotational speed, n [rpm],
• hourly fuel consumption, Ge [kg/h],
• engine air demand, Qs [m3/h],
• exhaust gas temperature, ts [◦C],
• exhaust gas opacity—light absorption coefficient, k [m−1],
• air pressure before p1 and after air filter p2, [kPa],
• charge air pressure, pd, [kPa],
• exhaust gas components: NO, NO2, N2O, SO2, CO, CO2, O2, H2O.

Based on the directly measured values of engine operating parameters, the following
were determined:

• effective engine power, Ne [kW],
• specific fuel consumption, ge [g/(kWh)],
• air filter pressure drop Δpf [kPa].
• emission of individual exhaust components: NO, NO2, N2O, SO2, CO, CO2, O2, H2O,
• relative change in emission of exhaust gas components.

The emission of particular exhaust components was determined according to require-
ments contained in [81]. NOx concentration was determined as the sum of NO+NO2
components. All tests were repeated in duplicate to eliminate coarse errors that could lead
to incorrect inference. Control of engine load, engine speed and brake load was performed
from the control and measurement cabin, where gauges for measuring engine performance
are also located. During the tests the engine operation was continuously controlled by using
the diagnostic interface NAVIGATOR TXTs with the software IDC 5 TRUCK. The schematic
diagram of the test stand is shown in Figure 5. The applied measurement equipment and
its accuracy are presented in Table 2.

Figure 5. Diagram of the dynamometer stand with Volvo D13C460 EURO V engine: 1—water brake,
2—turbocharger, 3—fuel consumption measurement system, 4—air consumption measurement sys-
tem, 5—exhaust smoke measurement system, 6—exhaust gas temperature measurement, 7—exhaust
gas analyser sampling system, 8—FTIR type exhaust gas analyser, 9—engine intake system pressure
measurement system, 10—TEXA TXT diagnostoscope, 11—computer controlling the operation of
the dynamometer brake and recording engine operating parameters, 12—computer controlling the
operation of the measurement systems, 13—charge air cooler.
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Table 2. List of investigation equipment used during investigation.

No. Name of Device/Measured Quantity Type Range Accuracy

1.

Water dynamometer

• torque—Mo
• rotated speed—n

Zöllner PS1-3812/AE
Mo = (0–7000) Nm
n = (0–3000) rpm
Ne = (0–1250) kW

± 1 Nm
± 1 rpm
± 1 kW

2. Fuel weight-meter (diesel)—Ge AVL 733S Fuel Balance (0–200) kg/h ± 0.005 kg/h

3. Smoke concentration—extinction
coefficient of light radiation—k AVL Opacimeter 4390 (0.001–10.0) m−1 ± 0.002 m−1

4.

Exhaust analyser—measuring of toxic
elements concentration in exhaust gases

• carbon dioxide (CO2)
• carbon monoxide (CO)
• nitrogen oxides (NO)
• nitrogen diooxide (NO2)
• oxygen (O2)
• hydrocarbons (HC)
• water (H2O)

Atmos FIR
emissions monitoring

FTIR systems

CO2 (0.01-23) %
CO (1.0–11,000) ppm
NO (1.0–6000) ppm

NO2 (1.0–6000)
O2 (0.1–21) %
HC (1.0–5000)

H2O (0.25–25) %

± 0.1% measured
quantity

5. Thermocouple—measuring of exhaust
temperature—ts

NiCr—NiAl (K) (–50–1100) ◦C ± 1 ◦C

6. Mass air consumption—Qs

SensyMaster FMT430
Thermal Mass

Flowmeter
(100–6000) m3/h ± 1.0 m3/h

7. Vacuum in the intake system TESTO 400 (–100–200) hPa 0.3 Pa + 1%
measured quantity

The results of engine operating parameters: power and hourly fuel consumption, obtained during the tests, were
reduced to normal conditions in accordance with PN-ISO 15550:2009 [82].

3.3. Analysis of Research Results

During the experimental research, the influence of four (New, A-33, B-66, C-90) techni-
cal states of the same air filter on the external characteristics of the Volvo D13C460 EURO
V engine, differing in pressure drop, was determined. In each case the same parameters
characterising the engine operation were measured.

An increase in the value of the filter pressure drop Δpf was modelled by means of
obscuring a part of the active filtration surface of the cylindrical cartridge. As a result, four
technical conditions were obtained differing in the value of the pressure drop of the same
air filter. At rotational speed n = 1900 rpm, the pressure drop of the air filter obtained the
following values:

• technical condition ”New”—filter with clean, brand new, paper air filter cartridge,
Δpf = 0.580 kPa,

• technical condition A-33—air filter with an air filter insert that has had approx. 33% of
its active filtration area obscured, Δpf = 0.604 kPa,

• technical condition B-66—air filter with a filter insert, which is obscured by approx.
66% of the active filtering surface, Δpf = 0.757 kPa,

• technical condition C-90—air filter with a filter insert, which has approx. 90% of its
active filtering surface obscured, Δpf = 2.024 kPa.

Figure 6 shows the characteristics Δpf = f (n) and engine air demand Qs = f (n) of the
same air filter for four technical states (New, A-33, B-66, C-90) as a function of engine
speed n of a Volvo D13C460 EURO V engine. As the engine speed increases in the range of
n = 1000–2100 rpm, the pressure drop of the air filter, independently of the pressure drop
(percentage obscuration of the active area of the cartridge), increases its value until the
engine speed reaches n = 1900 rpm, which is related to the achievement of the maximum air
demand of the engine (Figure 6) and the maximum power. Further increase in engine speed
causes a decrease in filter pressure drop, which results from a decrease in the air flow rate

122



Energies 2022, 15, 4815

Qs. When the engine was operated with an air filter in A-33 condition (33% obscuration of
the active surface of the cartridge), no significant differences were found in the pressure
drop values compared to a new filter (New). The recorded differences of the pressure drop
are within the limits of the measurement errors and do not significantly affect the other
parameters of engine operation presented in the following figures. The analysis of the test
results was carried out within the whole operating speed range of the engine, which is the
driving unit of the truck tractor.

Figure 6. Pressure drop of different air filter states (New, A-33, B-66, C-90) and air demand of Volvo
D13C460 EURO V engine as a function of speed n.

Figure 7 shows the charge air pressure pd in the intake manifold of the VOVLO
DC13C460 engine as a function of rotational speed n for different technical states of the
air filter: New, A-33, B-66, C-90. As the engine speed increases, regardless of the technical
state of the filter, the charge air pressure of the engine increases quite rapidly and in the
range n = 1400–1500 rpm reaches maximum values, after which it systematically decreases.
The highest values of the decrease in the charge pressure in the intake manifold, caused by
the increase in the air filter pressure drop, were recorded in the range of rotational speeds
n = 1300–1900 rpm, with the characteristics pd = f (n) shifted almost in parallel toward
smaller values of pd. At rotational speed n = 1600 rpm, the decrease in the charge pressure
pd, caused by the increase in the air filter pressure drop (A-33, B-66, C-90) over the value of
the air filter pressure drop of the new “New” filter, assumes the following values: 0.389%,
1.95%, 4.28%.
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Figure 7. Charge air pressure pd in the intake manifold of VOVLO DC13C460 engine as a function of
engine speed n for different air filter states: New, A-33, B-66, C-90.

Figure 8 shows the filling characteristics ηυ = (n) as a function of the speed n of the
Volvo D13C460 EURO V engine, for four (New, A-33, B-66, C-90), differing in pressure drop,
technical states of the air filter. As the engine speed increases, irrespective of the technical
condition of the filter (percentage obscuration of the active surface of the cartridge), the
engine filling factor increases quite rapidly and, in the range n = 1400–1500 rpm, reaches its
maximum value (ηυ = 2.5), after which it systematically decreases. When the engine reaches
n = 1900 rpm, the decrease in the engine fill factor is already steep, which is associated
with a sharp drop in boost pressure. As the air filter pressure drop Δpf increases, the
filling characteristics ηυ = (n), in the speed range n = 1000–1900 rpm, are shifted almost
parallel toward smaller values. The increase in the air filter pressure drop from a value
Δpf = 0.580 kPa (technical condition “New”) to Δpf = 2.024 kPa (C-90) causes a decrease in
the maximum value of the filling factor from ηυ = 2.5 do ηυ = 2.39, i.e., by 4.5%. The fill
factor ηυ was determined from the engine speed, engine displacement, and flushing ratio.
Due to the constant, angle of coverage (valve co-opening) independent from the rotational
speed, the flushing coefficient was assumed to be constant at the level of 1.0. The valve
co-opening angle is the angle of rotation of the crankshaft corresponding to the period
during which the intake and exhaust valves of one cylinder are open at the same time.

Figure 8. Filling factor ηυ of VOVLO DC13C460 motor as a function of speed n for different air filter
conditions: New, A-33, B-66, C-90.

The highest smoke opacity was recorded in the speed range n = 1000–1100 rpm
(Figure 9). However, as the engine speed increased, the smoke level decreased rapidly, irre-
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spective of the technical condition of the air filter, and in the speed range n = 1100–1700 rpm
it remained stable, after which it increased slightly. However, the increase in air filter pres-
sure drop does not cause significant changes in the degree of smoke opacity in relation to
its permissible value, defined in the technical conditions of vehicle operation for this type
of vehicles at 1.5 m−1 [83].

Figure 9. Smoke opacity of VOVLO DC13C460 engine—light absorption coefficient k (absorption) as
a function of engine speed n for different air filter states: New, A-33, B-66, C-90.

Figure 10 shows the effect of four (New, A-33, B-66, C-90) air filter conditions, differing
in pressure drop, on the characteristics of the effective power Ne = f (n) of the Volvo
D13C460 EURO V engine. As the rotational speed increases, the effective engine power
Ne, irrespective of the technical condition of the air filter, increases sharply in value until
the engine reaches a rotational speed of n = 1400 rpm, and then decreases slightly until
a rotational speed of n = 1900 rpm is reached, after which it loses its value sharply. The
use of an air filter Δpf with an increasing pressure drop, according to the technical states
(A-33, B-66, C-90), causes a shift of the characteristics Ne = f (n) in the rotational speed range
n = 1400–1900 rpm, almost in parallel toward the lower values of the engine power.

Figure 10. Ne effective power of the VOVLO DC13C460 motor as a function of speed n for different
air filter condition k: New, A-33, B-66, C-90.

Figure 11 shows the relative decrease in engine power for each speed caused by
successive states of the “k” air filter: A-33, B-66, C-90, in relation to the maximum power
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of the engine operating with air filter “New”. For the engine operating with the air
filter “A-33” the power changes are practically imperceptible and oscillate at around 0.5%.
Further increase in the resistance of the air filter flow significantly affects the relative
decrease in the effective power of Ne engine. In the case of B-66 these changes reach about
4%, while in the case of operation of the engine with the filter in the state C-90, the relative
decrease in power exceeds 9%. It can be emphasised that these changes are the greatest
in the medium speed range (n = 1300–1900 rpm), in which engines of this type are most
often used, which is a very unfavourable phenomenon. The decrease in power due to
air filter contamination for a tractor-trailer type vehicle has a very negative effect on its
traction characteristics. As the pressure drop increases and the power decreases, the traction
properties of the vehicle deteriorate, in particular: the ability to climb a hill in individual
gears, the change in the maximum speed value depending on the road inclination angle
and the time and distance of acceleration of the vehicle-tractor-trailer combination [84].

 
Figure 11. Relative change in engine power for different speeds due to air filter conditions k: A-33,
B-66, C-90, relative to power with air filter “New”.

Figure 12 shows the proportion of carbon dioxide CO2 in the exhaust gas of the Volvo
D13C460 EURO V engine as a function of the rotational speed n for four different air
filter technical states k: New, A-33, B-66, C-90. As the engine speed increases, the CO2
contribution, regardless of the technical state of the air filter, decreases (almost linearly) its
value until the engine reaches the maximum speed n = 2100 rpm. The change of the engine
rotational speed in the range of n = 1100–2100 rpm results in a significant decrease in the
CO2 share in the exhaust gases from 10.28% to 6.57%, which is connected to the increase in
the mass of the air supplied to the cylinders.

The emission of CO2 in the engine exhaust gas for particular rotational speeds caused
by the technical states of the air filter k: New, A-33, B-66, C-90 is shown in Figure 13, while
Figure 14 shows the relative change in the proportion of CO2 in the engine exhaust for
individual speeds caused by the technical states of the air filter k: A-33, B-66, C-90, relative
to the emissions obtained when the engine was operated with air filter “New”.
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Figure 12. CO2 contribution to the exhaust of the VOVLO DC13C460 engine as a function of engine
speed n for different air filter states k: New, A-33, B-66, C-90.

Figure 13. CO2 emissions in engine exhaust for different engine speeds and successive air filter states
k: New, A-33, B-66, C-90.

Figure 14. Relative change in the proportion of CO2 in the engine exhaust gas for different speeds
and successive technical states of the air filter k: A-33, B-66, C-90, in relation to the emissions obtained
during the operation of the engine with the air filter “New”.
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Based on the information in Figures 12–14, it can be concluded that air filter pressure
drop (filter cartridge fouling) is quite important for CO2 emissions. In the low-speed
range of 1000–1200 rpm, the deterioration of the filter element causes a reduction in CO2
emissions. This is due to a reduction in the amount of fuel fed to the cylinder by the ECU
engine control system, due to a reduction in boost pressure.

As the engine speed increases above 1200 rpm, the effect of filter condition on CO2
emissions is reduced. This is a result of the engine controller adjusting the fuel delivery to
the current conditions in the engine intake system. The relative changes in CO2 emissions
do not exceed 1%. At high engine speeds n = 2000–2100 rpm a negative effect of the technical
condition of the air filter on the CO2 emissions can be observed. This phenomenon is a
result of increasing damping of the air flow on the filter baffle. At high engine speeds, the
engine control system tries to ensure the required charge pressure by changing the dose and
angle of the fuel feed in such a way to generate a larger amount of exhaust gases necessary
to increase the turbocharger rotational speed and consequently increase the charge air
pressure. Such action is connected with the necessity of delivering a larger amount of fuel
with the same mass of air to the cylinder, which results in increased CO2 emission. This
phenomenon is unfavourable from the point of view of atmosphere pollution; however, in
the range of these rotational speeds, the engine does not run very often.

In the case of operation of the engine with the air filter in the technical condition A-33
(33% obscuration of the active surface of the cartridge), no significant differences were
found (about 1.25%) in the change of the share of CO2 in the exhaust gases. Increasing
the pressure drop of the air filter (B-66, C-90) already causes a significant decrease in
the proportion of CO2 in the exhaust, but there is not such a significant decrease in CO2
emissions (Figure 14).

This can be explained by the fact that the increase in air filter pressure drop causes a
decrease in the air flow supplied to the engine Qs and the boost pressure. Lower charge
pressure is treated by the engine ECU as a signal to reduce (correct) the power generated
by the engine by delivering less fuel, which is reflected in a decrease in hourly fuel con-
sumption and power. The reduction in CO2 concentration in the exhaust gases is correlated
with the reduction in useful power resulting in small changes in CO2 emissions. On the
basis of the results presented in Figures 13 and 14, it can be concluded that the increase in
the pressure drop in the inlet system of a modern ZS truck engine has no significant effect
on the CO2 emission into the atmosphere.

Figure 15 shows the proportion of carbon monoxide CO in the exhaust gases of the
Volvo D13C460 EURO V engine as a function of rotational speed n for four air filters
differing in pressure drop (New, A-33, B-66, C-90). With increasing engine rotational
speed, the concentration of carbon monoxide CO, regardless of the technical condition of
the air filter, decreases its value until the engine reaches the maximum rotational speed
n = 2100 rpm. The greatest changes (decrease) were registered in rotational speeds in the
range of n = 1000–1200 rpm. The high concentration of carbon monoxide in the range
of n = 1000–1100 rpm results from the low filling ratio of the engine (Figure 8), and the
high dose of fuel fed to the cylinder resulting from the necessity to generate the necessary
effective engine power required to overcome the vehicle motion resistance during the
start-up and hill climbing.
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Figure 15. Contribution of CO in the exhaust of the VOVLO DC13C460 engine as a function of engine
speed n for different states of the air filter k: New, A-33, B-66, C-90.

Figure 16 shows the specific CO in the engine exhaust for each speed caused by air
filter states k: New, A-33, B-66, C-90. The relative change in the proportion of CO in the
engine exhaust for individual engine speeds is caused by air filter conditions k: A-33, B.-66,
C-90, in relation to the emission obtained during operation of the engine with air filter
”New” is shown in Figure 16.

Figure 16. Unit CO emissions in engine exhaust for different speeds due to air filter conditions k:
New, A-33, B-66, C-90.

When analysing the influence of the filter condition on CO emission, it should also
be remembered that the measured values in the medium and high-speed range are very
small—at the level of a dozen or so ppm, i.e., this is the measuring range of the analyser
burdened with a large measurement uncertainty. Therefore, the nature of the changes
should be interpreted qualitatively rather than strictly quantitatively.

Based on the information provided in Figures 15–17, it can be concluded that the
condition of the air filter (pressure drop) is important for carbon monoxide—CO emissions.
In the low to medium speed range of 1000–1700 rpm, increasing the pressure drop of the
filter element results in a decrease in CO emissions. This is related to a decrease in the dose
of fuel fed to the engine cylinders by the engine control system ECU, as a result of reducing
the boost pressure and in an effort to reduce the increase in emission of toxic components
of the exhaust gases.
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Figure 17. Relative change in the proportion of CO in the engine exhaust gas for different rotational
speeds and successive technical states of the air filter k: A-33, B-66, C-90, in relation to the emission
obtained during engine operation with the air filter “New”.

As the engine speed increases above 1600 rpm, the effect of air filter pressure drop on
CO emissions is reduced. This is a result of actions resulting from the adjustment of the fuel
dose by the engine controller to the currently prevailing conditions in the engine intake
system—boost pressure. This problem is described in more detail during the analysis of
the influence of the air filter pressure drop on the CO2 emission.

In the case of operation of an engine with an air filter in the A-33 state (33% of the active
surface of the filter cartridge is covered), the changes in the CO emission amount from 3 to
10%, depending on the rotational speed. Increasing the air filter pressure drop (B-66, C-90)
already results in a significant decrease in CO concentration in the exhaust gases; moreover,
there is a significant decrease in the CO emission—Figure 17. This phenomenon is similar
to the one described for the CO2 emission.

Figure 18 shows, for four air filters differing in pressure drop (New, A-33, B-66, C-90),
NO nitric oxide concentration, and Figure 19 shows GASNO nitric oxide emissions as a
function of speed n of the Volvo D13C460 EURO V engine. The relative variation of the
NO contribution to the engine exhaust for different speeds due to air filter conditions k:
A-33, B-66, C-90, in relation to the emission obtained during engine operation with air filter
“New” is shown in Figure 20.

Figure 18. Contribution of NO in the exhaust of the VOVLO DC13C460 engine as a function of engine
speed n for different states of the air filter k: New, A-33, B-66, C-90.
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Figure 19. Unit NO emissions in engine exhaust for different engine speeds and successive air filter
states k: New, A-33, B-66, C-90.

Figure 20. Relative change in the proportion of NO in the engine exhaust gas for different speeds
and successive states of the air filter k: A-33, B-66, C-90, in relation to the emissions obtained when
the engine was operated with air filter “New”.

In the low-speed range, the NO concentration remains high at 830–880 ppm regardless
of the filter condition. This phenomenon is a result of low boost pressure (Figure 7), low air
filling of the engine (Figure 8) and quite a high fuel dose necessary to generate the set torque.
Satisfying the above engine operating conditions results in increased exhaust temperature,
which promotes the formation of oxides of nitrogen—Figures 18–20. Increasing the engine
speed increases the boost pressure and consequently increases the amount of oxygen in the
fuel–air mixture, which results in a decreased combustion temperature. The reduction in
combustion temperature results in a reduction in the concentration of NO (Figure 18), NO2
(Figure 21), and NOx as the sum of NO and NO2 in the exhaust gas while increasing the
generated useful power. The rate of increase in the generated effective power is greater
than the decrease in the concentration of NO and NO2 in the exhaust gas, resulting in a
decrease in NO (Figure 19), NO2 (Figure 22), and NOx as the sum of NO and NO2.
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Figure 21. Contribution of NO2 in the exhaust of VOVLO DC13C460 engine as a function of engine
speed n for different states of air filter k: New, A-33, B-66, C-90.

Figure 22. Unit NO2 emissions in engine exhaust for different engine speeds and successive air filter
conditions k: New, A-33, B-66, C-90.

Based on the information in Figures 19 and 22, it can be concluded that the condition of
the air filter has no significant effect on NO, NO2, NOx emissions. The changes in NO and
NOx emissions range from +2 to −3%, depending on the engine operating point (speed)
and do not have a clearly identified nature of change. Changes in NO2 emissions are
slightly larger and range from +10 to −25%; however, NO2 emissions are negligible relative
to NO emissions, so its variations do not significantly affect total NOx emissions (Figure 23).

In the low-speed range of 1000–1100 rpm, the deterioration of the filter element
(increase in air filter pressure drop) results in reduced NOx emissions. This is the result
of a reduction in fuel delivery to the cylinder by the ECU engine management system,
due to a reduction in boost pressure. In the mid-range, and as engine speed increases
above 1200 rpm, the effect of air filter condition (effect of pressure drop) on NOx emissions
decreases. The relative changes in NOx emissions do not exceed 1%.

When the engine was operated with the air filter being in the condition A-33 and B-66
(33% and 66% of the filter cartridge active area obscured), no significant differences (about
2.5%) were found in the change of NOx concentration and emission. Further increasing the
air filter pressure drop (C-90) only causes a significant decrease in the NOx concentration
in the exhaust gas; however, there is not such a significant decrease in NOx emissions.
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Figure 23. Relative change in the proportion of NO2 in the engine exhaust for different speeds and
successive states of the air filter k: A-33, B-66, C-90, in relation to the emissions obtained when the
engine was operated with air filter ”New”.

Based on the results in Figures 24–26, it can be concluded that the increase in pressure
drop in the intake system of a modern truck Diesel engine has no significant effect on NOx
emissions to the atmosphere.

Figure 24. Contribution of NOx in the exhaust of the VOVLO DC13C460 engine as a function of
engine speed n for different air filter states k: New, A-33, B-66, C-90.

Figure 25. Unit NOx emissions in engine exhaust for different engine speeds and successive air filter
condition k: New, A-33, B-66, C-90.
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Figure 26. Relative change in the proportion of NOx in the engine exhaust for different speeds and
successive states of the air filter k: A-33, B-66, C-90, in relation to the emissions obtained when the
engine was operated with the “New” air filter.

Figure 27 shows the exhaust gas temperature ts as a function of engine speed n of a
Volvo D13C460 EURO V engine for four different air filter technical states (New, A-33, B-66,
C-90). As the engine speed increases, the temperature of ts, exhaust gas, irrespective of the
technical condition of the air filter, slowly but systematically (almost linearly) decreases its
value until the engine reaches the rotational speed n = 1800 rpm, after which it increases
slightly and then decreases sharply. Operation of the engine with an air filter with increasing
pressure drop Δpf, according to the technical states (A-33, B-66, C-90), causes a shift of the
characteristics ts = f (n) almost in parallel toward lower values of the engine temperature.
Technical states A-33 and B-66 do not cause significant changes in exhaust gas temperature.
Operation of the engine with air filter with pressure drop Δpf = 2.024 kPa (C-90) causes an
already significant, drop of about 20 ◦C in exhaust temperature ts in comparison with the
operation of the engine with “New” filter. This phenomenon is connected with changes in
boost pressure resulting from changes in pressure drop in the inlet system. Reducing the
boost pressure causes a decrease in the pressure and temperature of the end of combustion,
which results in a decrease in NOx contributions (Figure 24). In a turbocharged compression
ignition engine, the combustion is close to complete and total, reducing the boost pressure
causes the ECU to reduce the maximum dose of fuel fed to the cylinder during the working
stroke, which consequently contributes to a decrease in the combustion temperature.

Figure 27. Exhaust gas temperature ts at the turbine exit of the turbocharging unit of the VOVLO
DC13C460 engine as a function of engine speed n for different air filter states: New, A-33, B-66, C-90.
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Figure 28 shows the HC hydrocarbon concentration as a function of speed n of the
Volvo D13C460 EURO V engine for four air filters differing in pressure drop (New, A-33,
B-66, C-90). When analysing the effect of filter condition on HC emissions, we were limited
to assessing the effect of the nature of HC concentration changes as a function of air filter
condition. This action was dictated by the very low HC concentrations of several ppm
which, given the high uncertainty of the analyser measurements in the range up to 25 ppm,
could result in incorrect inferences.

Figure 28. Contribution of HC in the exhaust of VOVLO DC13C460 engine as a function of engine
speed n for different states of air filter k: New, A-33, B-66, C-90.

At the same time, the study shows that the condition of the air filter (pressure drop) is
not significant for HC concentration. A significant increase in pressure drop results in an
increase in HC concentration by a few ppm. The determined average HC emission for the
engine operating with the air filter in the “New” state (Δpf = 0.58 kPa) was 0.0547 g/kWh,
while for the filter in the C-90 state (Δpf = 2.024 kPa) it was 0.0653 g/kWh, respectively.
These values are small enough that they do not significantly affect the environmental
performance of the tested engine.

4. Conclusions

1. In the available literature there are no results of research on the influence of the inlet
system flow resistance on the emission of toxic components of exhaust gases from a
modern Diesel engine used for driving trucks (truck tractors) currently travelling on
the roads and constituting the basic means of transporting goods.

2. The conducted research has shown that the increase in flow resistance in the inlet
system of the modern ZS truck engine has no significant effect on the NOx emission
into the atmosphere, and does not cause any significant changes in the degree of
smoke opacity of exhaust gases in relation to its acceptable value specified in the
technical conditions for this type of vehicle.

3. The observed effect of the increase in air filter flow resistance of the modern ZS truck
engine is a decrease in air demand by the engine, decrease in the boost pressure and,
as a result, the decrease in the filling ratio ηυ which, in connection with the fuel dose
reduction, causes the decrease in the engine power. An increase in air filter flow
resistance by an average of 1 kPa results in a decrease in engine power of over 6%. In
the conditions of vehicle use, this is associated with a reduction in the ability to climb
a hill in individual gears and an increase in the time and distance of acceleration of the
vehicle-tractor-trailer combination. As the flow resistance increases, the emissions of
exhaust components change: NO, NO2, NOx, CO, HC and CO2. These values are so
small that they do not significantly affect the ecological properties of the tested engine.
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4. The results obtained show the effect of the air filter flow resistance of a modern truck
engine on its performance, and in particular on the changes in the emission of the
individual components of exhaust gases. It is advisable to continue the work; the
final effect of which should be a determination of the maximum permissible flow
resistance, the exceeding of which should eliminate the vehicle from further operation
because of deterioration of the economic, energetic, ecological and traction properties
of the vehicle.

5. It is advisable to extend the presented research with the analysis of the influence
of increased flow resistance in the air filtration system on the change of traction
properties of the vehicle equipped with this type of inlet system.
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Abstract: The article presents the justification for the necessity to use chassis dynamometers in the
tuning process of dual-fuel trucks. The research system used and the research methodology are
presented. The research results present the approach to solving problems related to setting the
technical (physical) data of the tested vehicle on the dynamometer, selection of the vehicle engine
operation range, the impact of the value of the forced load on the vehicle drive axle, selection of the
dyno operation mode for the expected tasks and the impact of the correctness of the selection of the
scope of the analysis of data on losses in the drive system. The article shows the above-mentioned
influence on the test results on the dynamometer and on the tuning results. The article closes with a
conclusion detailing prospects for developing the presented results.

Keywords: chassis dynamometer; semi-truck; dual-fuel; tuning

1. Introduction

Modern digitally controlled gas fueling systems require appropriate adjustment called
calibration, i.e., proper selection of gaseous fuel injection times, depending on the rotational
speed and engine load [1]. Most of the commercially offered gas installation controllers
are equipped with the auto-calibration function, which allows the appropriate settings to be
selected automatically [2]. It is most often performed at engine idling, which does not take into
account the variable load, the operation of additional engine-driven systems and the related
need to increase or decrease the dose of gaseous fuel, and a number of other factors that have a
significant impact on the engine performance [3]. In most popular vehicles, the auto-calibration
procedure is sufficient for the proper operation of the gas supply system; however, there are
cars in which this is insufficient, and it is required to perform a more accurate calibration of
the engine running on gas fuel under load [4]. In such cases, the auto-calibration serves only
to prepare the engine for operation and start it in the “gas” mode [2,3,5,6]. Subsequently, a
road test and continuing tuning under road conditions is suggested.

Semi-tractor engines using dual-fuel installations (pilot diesel dose starting the com-
bustion process of a compressed gas dose in the engine cylinder) do not always have the
possibility of auto-calibration, because they result from the inability (or incomplete ability)
to work in the dual-fuel mode at engine idle speed (with no injection a suitably small pilot
dose, e.g., in engines using unit injectors) [6]. Turbocharged diesel engines used in trucks
are not able to generate the full boost pressure, and thus the maximum torque values,
without an appropriate load [7]. In addition, semi-trucks, due to the specificity of their
work, generate very high torque values on the wheels, which is necessary to enable the
movement of heavy loads while maintaining appropriate dynamics and in changing road
conditions (e.g., changing the elevation of the ground or wind direction). It is impossible or
very difficult to force the engine to work in extreme conditions during road tests without a
load. A reasonable solution is therefore to use a chassis dynamometer, which allows you
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to enforce appropriate operating conditions of the drive system and maintain them for a
specific time [5,8].

A chassis dynamometer is a device that is most often used to measure the power and
torque of a vehicle engine [1]. The measurement is performed indirectly by registering the
torque on the rollers of the chassis dynamometer [1]. Relating the value of this parameter
to the rotational speed of the rollers, and then via the drive system to the drive speed of
the engine crankshaft, allows the power of the vehicle to be calculated [1]. However, these
are not the only possibilities of a chassis dynamometer [9]. It also allows you to simulate
the actual load conditions that occur on the wheels of the vehicle while driving [1,6]. This
allows, for example, fuel consumption to be measured, exhaust emissions to be checked
while driving, or the behavior of various engine systems to be tested under load [5,8]. It is
also possible to measure the flexibility of the car’s engine within a certain speed range, to
determine the correctness of the speedometer and tachograph indications, and to check the
hill-climbing ability. The ability to simulate various load conditions and maintain certain
conditions over a longer period of time allows for accurate observation of the gas supply
system settings or their changes, and allows for accurate calibration of the gas supply
system and detection of faults occurring under strictly defined conditions, e.g., at very
high loads or boost pressure [7]. The installer can comfortably observe the indications of
measuring instruments using different variants of the dynamometer operation (maintaining
a constant load or engine speed), depending on the needs [3,6,10].

Constant engine speed dynamometer mode is very useful in calibrating gas supply
systems. Thanks to this, you can adjust the gas injection time and the angle of its injection
by moving the controller map so that it reflects the work on the original fuel supply system
as much as possible. Under the conditions of the road test, it is impossible to maintain a
constant engine speed with increasing load, even when using a hill or a large load for this
purpose. That is why the chassis dynamometer is a device ideally suited for the calibration
of gas installations for trucks [3,11]

2. Materials and Methods

2.1. Research Setup—Materials

This work deals with the aspects and correctness of the use of a chassis dynamometer
in the process of tuning dual-fuel CNG/diesel installations in a 2014 Volvo FH 13 semi-
truck and the impact on the tuning results and their correctness. The vehicle’s engine was
converted to dual-fuel operation by adding a prototype sequential indirect gas injection
system. The tests were carried out on a mobile dynamometer device built on the structure
of a 6 ft container which is shown in Figure 1 below.

  
(a) (b) 

Figure 1. A mobile dynamometer device: (a) front view, (b) view of the interior of the dynamometer
(authors’ source).
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Table 1 presents the technical data of the mobile dynamometer device declared by the
manufacturer. Table 2 presents the technical data of the tested tractor unit.

Table 1. Selected declared parameters of the mobile dynamometer device according to the design
assumptions and the manufacturer (manufacturer data).

Parameter Value/Name/Type

Mode of Operation Load Type
Brakes type Frenelsa FF16—eddy current 2 × 3300 (Nm)
Number of measuring axle 1
Max/min wheel track 2700/1000 (mm)
Rollers diameter 320 (mm)
Minimum wheel diameter 700 (mm)
Maximum load on the measuring axle 15,000 (kg)
V-max 200 (km/h)
Maximum measurement error 1 (%)
Permissible ambient temperature (operation) od−10 do +30 (◦C)
Permissible ambient temperature (storage) od −40 do +50 (◦C)
Mechanical synchronization of rotational speed of
dynamometer rollers Yes

Table 2. Selected factory technical data of the tested vehicle [12].

Parameter Value/Name/Type

Vehicle Brand/Model/Year of Production Volvo/FH13/2014
Engine type Turbodiesel, D13C460, EU5SCR-M
Engine displacement/Number of cylinders/ Cylinder
diameter/Piston stroke/ Compression ratio 12.8 L/6 cylinders/131 mm/158 mm/17.8:1

Max power 460 hp (338 kW) at 1400–1900 rpm
Max engine speed 2100 RPM
Economic speed 1000–1500 RPM
Optimal speed range 1150–1400 RPM
Gearbox type VTO2214B, Automatic with manual selection
Number of gears 14 gears

Due to the nature of the research, the measured parameters should be divided into the
following groups of parameters characterizing:

• The operation of the dual fuel (CNG/diesel) system controller;
• The work of the chassis dynamometer;
• The operation of the semi-tractor engine control system.

The parameters for each group that should be measured, and the necessary measuring
equipment are presented below.

In the tested case, the engine was converted to dual-fuel operation by adding a
prototype sequential indirect gas injection system. In this system, pilot diesel fuel acts as
the ignition source, the system has an ability to “cut” and “exchange” the diesel oil dose to
a gas fuel up to 95%, and it uses 2 gas injectors per cylinder [5,13]. Diagram of operation is
presented in Figure 2 below.

Figure 2. Diagram of operation of a dual-fuel supply system (authors’ source based on [14]).
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Parameters characterizing the operation of the dual-fuel supply system, recorded with
the use of the gas fuel supply system controller are shown in Table 3 below.

Table 3. Selected parameters characterizing the operation of the gas fuel supply system (manufac-
turer’s data).

Parameter Value/Name/Type

Time [s] Time from the Beginning of the Mileage Recording, the Basis of the Recorded
Mileage

Engine speed [RPM] Engine’s crank speed registered by gas supply controller
Instantaneous CNG consumption [kg/h] Gas mass fed to the inlet manifold,
Instantaneous diesel oil consumption [kg/h] Instant consumption of diesel oil—diesel mass fed to the cylinders
Diesel actual [%] Actual instant share of diesel oil in the dose of fuel delivered to the engine
Diesel averaged [%] The average periodic share of diesel oil in the fuel dose delivered to the engine
Diesel dose [mg] Instantaneous dose of diesel fuel delivered to one cylinder for one work cycle
Gas time [ms] Instantaneous gas injector opening time for one/particular cylinder for one work cycle

Calculated gas time [ms] Instantaneous gas injector opening time for one/particular cylinder for one work
cycle after taking into account the correction parameters

Temp. reducer [◦C] Temperature of the gas pressure reducer
MAP pressure [bar] Air pressure in the intake manifold
Gas pressure [bar] Gas pressure on the gas pressure reducer
Pressure on gas rail [bar] Gas pressure on the injection rail
Lambda Signal from the oxygen concentration sensor in the exhaust gas—lambda probe
System faults Monitor of faults generated by the gas supply system

Parameters characterizing the work of the chassis dynamometer measured with the
use of the dynamometer controller—software are shown in Table 4 below.

Table 4. Selected parameters characterizing the chassis dynamometer measured with the use of the
dynamometer controller (manufacturer’s data).

Parameter Value/Name/Type

Selected Time [s] Time from the Beginning of the Test
Engine/roller speed ratio Speed transmission ratio—motor/rollers
Engine speed [RPM] Calculated engine speed
Engine speed rotational acceleration [RPM/s] The determined speed of the engine rotational speed change during acceleration
Road speed [km/h] Calculated linear driving speed of vehicle
Rollers received power [hp] The power received on each of the roller
Rollers inertial torque [Nm] The moment of inertia on each of the roller
Rollers brakes torque [Nm] The braking torque for each roller
Power on wheels [hp] Calculated power on vehicle wheels
Loss power [hp] Total power lost resulting from speed changes and load changes
Drivetrain inertial power [hp] Power of inertia of the drive system
Engine inertial torque [Nm] Motor moment of inertia
Engine inertial power [hp] Motor inertia power
Engine power [hp] Calculated engine power
Engine corr. power [hp] Corrected power of the engine
Engine torque [Nm] Engine torque
Engine corr. torque [Nm] Corrected motor torque
Exhaust gas temperature [◦C] Exhaust gas temperature measured by external thermocouple
Ambient temperature [◦C] Ambient temperature
Ambient pressure [hPa] Measured by the system of the built-in weather station of the dynamometer
Ambient humidity [%] Measured by the system of the built-in weather station of the dynamometer

Parameters characterizing the operation of the tractor engine control system. Measure-
ment using a TEXA TXT diagnoscope with IDC5—Truck software:

• Engine rotational speed [RPM];
• Vehicle travel speed [km/h];
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• Boost pressure [bar];
• Torque [Nm];
• Hourly basic fuel consumption—diesel fuel [kg/h];
• Engine load [%];
• Engine management system errors.

The elements listed above have been compiled in a research arrangement. Figure 3
below shows a block diagram of the test stand. Figure 4 shows the vehicle undergoing tests.

 

Figure 3. Block diagram of the test stand (authors’ source).

  
(a) (b) 

Figure 4. Volvo FH13 on mobile dynamometer: (a) front view, (b) view of the vehicle drive axle on
dyno rollers (authors’ source).
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2.2. Methodology

The main goals of the research were to tune the Volvo FH13 semi-truck equipped
with D13C engine to work on dual-fuel CNG-diesel mode and also to test the mobile
semi-truck dynamometer device. The titular research on the influence of the aspects of
the dynamometer operation on the tuning of dual-fuel installations is a derivative of the
main research. The research methodology dealing with the above subject matter has been
developed empirically and includes an approach to solving problems related to:

• Preliminary data settings for the technical (physical) data of the test vehicle on
the dynamometer;

• Selection of the operating range of the vehicle’s engine (gear selection);
• The influence of the value of the forced load of the vehicle driving axle;
• Selection of the dyno working mode appropriate to the expected tasks;
• The impact of the correctness of the selection of the scope of the analysis of data on

losses in the drive system.

Before the tests, the vehicle was always secured in accordance with the manufacturer’s
instructions and safety guidelines. The car’s operating fluids were heated to normal
operating temperature, and the tires at the beginning of each test had a temperature
of 50 ◦C. In order to ensure repeatability of the tests, a number of parameters such as
temperature, pressure and speed in the vehicle were monitored in real time.

3. Results

3.1. Settings for the Technical (Physical) Data of the Test Vehicle on the Dynamometer

The main task before starting the test and tuning on the dynamometer is the need
to configure the vehicle in the dynamometer software in a way that best suits the actual
technical conditions of the vehicle. In the software of the dynamometer on which the
tests were carried out, in order to validate the tests, when starting a “new project”, the
vehicle data such as losses in the drive system, engine and drivetrain system inertia should
be correctly configured. At this point, it should be noted that the tool for estimating the
inertia of the drive system built into the dynamometer software, calculating this value from
the geometric, physical data used on the drive wheels on the vehicle (shown in Table 5),
differed from the actual value calculated empirically. When determining the mass moment
of inertia of its wheel in relation to its axis of rotation, the method presented in [15] was
used. The tested wheel is suspended (Figure 5) on 3 vertical steel ropes l = 6.664 m long,
evenly spaced along the circumference with a radius of r = 0.1405 m (the radius value
results from the diameter of the hole in the wheel rim).

Table 5. Data table for calculating the inertia of the vehicle propulsion system tested on the dy-
namometer (authors’ source).

Tire size * 315/70/R22,5

Used wheels count * 4

Calculated wheel inertia ** 16.72 kg·m2

Used wheel inertia ** 66.87 kg·m2

Inertia transferred to roller ** 0.66 kg·m2

* Data entered manually. ** Data calculated by the dynamometer software on the basis of *.
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Figure 5. Wheel mounted on the stand for determining the mass moment of inertia.

The vibrating system constructed in this way is set in motion by the rotation of the
wheel in the vertical plane by a certain angle alpha (its value cannot exceed 15◦). Then,
the vibration period T is measured, which is determined by measuring the execution time
of 10 complete deflection cycles. The following relationship is used to calculate the mass
moment of inertia IY:

IY =
T2·r2·m·g

4π2·l , kg·m2 (1)

After substituting the value of the measured period T = 15.6 s, the mass moment of
inertia is:

IY = 19,315 kg·m2 (2)

This deviates by 15.5%, which may ultimately bend the measurement. The engine
inertia is configured on a similar principle, although during research it was unable to
verify the correctness of the engine inertia estimation. The range of losses in the drivetrain,
entered manually and suggested by the dynamometer software (4–8%), also differs from the
value calculated on the basis formulas for the overall efficiency of the drivetrain, according
to which the losses are approximately 8–10% depending on the gear ratio used. While
during tuning, the final result is not the value of the comparator of performance on diesel
only supply and in dual-fuel mode, but the value that approaches the measurement as
close to reality as possible, it is worth bearing in mind that the basic settings suggested by
the software can really affect the measurement results.

3.2. Selection of the Operating Range of the Vehicle’s Engine (Gear Selection)

When tuning the installation, determine the gear ratio that covers the widest range of
operating/usable speeds of the engine while maintaining the highest possible speed of the
vehicle’s drive wheels should be determined (the aim is to reduce the torque on the wheels,
the high values torque quickly degrade the tires and increase the measurement error, more
on this subject in Section 3.3 of this work [1]). Alternatively, the engine rotational speeds
that are of greatest interest to us in the context of the vehicle’s operational properties
resulting from the specificity of the vehicle’s operation or the installation used in it should
be determined. For this purpose, it is worth analyzing the factory diagrams of torque and
power waveforms, as well as the range of optimized (economic) shaft revolutions. A graph
of this type is presented in Figure 6.
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Figure 6. External characteristics of the tested engine [12].

Bearing in mind the manufacturer’s chart, it was compared with the results obtained
from covering the RPM range for the gears in the test vehicle, which was presented in
Figure 7.

Figure 7. Graph of the coverage of the RPM engine operating range for selected gears (au-
thors’ source).

The above data show that the 10th gear is the most appropriate gear for the study
of external characteristics and this gear was used to carry out further research presented
in this article. In the case of tuning the installation at the engine speed declared by the
manufacturer as the most optimal and economical, it should be the 11th gear. The speed
range from idle to 800 rpm is irrelevant in the context of these tests, because the gas
installation is not able to switch to the dual-fuel mode for technical reasons—the unit
injector is not able to generate a correspondingly low pilot dose in this range [11,16].
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3.3. The Influence of the Slip of Tires on Rollers

During the research, the influence of slipping of the driving wheels on the rollers of
the dynamometer was noticed. This creates a multidimensional problem that can be broken
down into several components:

• Dependence of the slip of the driving wheels on the roller due to the load of the driving
axle on the rollers;

• Measurement error resulting from the above and from the influence of the engine/roller
ratio settings in the dynamometer settings;

• Impact of the tires (heating up due to work on rollers, change in their dynamic radius).

Table 6 summarizes the data from the research on the sliping of the wheels on the
rollers for different values of the engine load and different values of the thrust of the driving
axle of the tested vehicle.

Table 6. Table of the results of tests of slip of tires on rollers.

Const. Revs. *
1000 RPM

(~Max Torque)
1300 RPM

(~Eco Revs)
1500 RPM

(~Max Power)
1700 RPM

(~High Revs)
Axle Load ****

Engine load [%] ** 25 50 75 100 25 50 75 100 25 50 75 100 25 50 75 100

RPM—TEXA ** 1001 1022 1039 1066 1299 1323 1349 1380 1489 1519 1545 1574 1679 1710 1737 1768
20,000 N

Dyno (Nm) *** 192 585 935 1310 180 540 886 1275 122 473 799 1110 78 400 700 970

RPM—TEXA ** 992 1009 1028 1045 1288 1309 1331 1353 1483 1503 1524 1549 1673 1697 1717 1741
30,000 N

Dyno (Nm) *** 192 560 917 1293 190 549 870 1250 140 467 790 1117 63 370 688 972

RPM—TEXA ** 993 1005 1019 1041 1289 1306 1324 1345 1481 1500 1520 1542 1670 1692 1714 1733
40,000 N

Dyno (Nm) *** 195 565 920 1280 208 545 880 1250 163 480 790 1125 74 389 700 965

RPM—TEXA ** 996 1015 1036 1061 1292 1320 1344 1375 1490 1514 1541 1570 1676 1707 1733 1760 20,000 N
(warm tires) *****Dyno (Nm) *** 192 583 918 1315 214 559 908 1279 160 480 810 1130 80 405 710 970

* The test was carried out using the constant revs mode of the dyno. ** Reading made using OBD TEXA TXT
diagnoscope with IDC5—Truck software. The correctness of measurements using TEXA was validated on an
engine dynamometer. *** Braking force value on a single brake, reading made using dyno software. **** The load
on the driving axle of the vehicle was generated by the load adding system with the use of an electric winch,
connected with a strain sensor, and the system of mounting to the driving axle of the tested truck—the axle
pressure system is shown in Figure 8. The axle load was read using the dyno software. ***** Test started at 70 ◦C.

  
(a) (b) 

Figure 8. Vehicle axle load mechanism: (a) general view, drive axle slings, (b) view of rope linked
with an electric winch (authors’ source).

Figure 9 summarizes the above data from Table 6 in the values of sliping wheels
on rollers for different engine speeds in the context of the engine load and driving axle
load (pressure).
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(a) (b) 

  
(c) (d) 

Figure 9. Graphs of differences in engine speed for rollers where n is constant, resulting from
wheel slip on rollers for different engine speeds in the context of engine load and drive axle load:
(a) 1000 rpm, (b) 1300 rpm, (c) 1500 rpm, (d) 1700 rpm (authors’ source).

The above charts show that the increase in slip correlates with the increase in engine
load (which results from increasing the torque on the wheels of the vehicle [10]). As the
engine load increases, the measurement error resulting from the slipping of the wheels on
the roller increases, which is also shown in Figure 10. Due to the fact that there is a dynamic
difference in the geometric value of the tire diameter [17], all the parameters that affect the
tire slip also have an impact on it (axle load, wheel speed, tire temperature and so on). The
change in the tire diameter also leads to a negative error at low engine loads [15]. According
to [17], measurements on the tire imply that for a high load and low inflation pressure, the
deformation in the shoulder area will contribute more to rolling resistance. In an opposite
manner, for a low load and high inflation pressure, the deformation in the crown area will
contribute more. Meanwhile, the deformation in the shoulder area always contributes more
to the rolling resistance for the worn tire. This will in turn accelerate the wear process on
the shoulder area. It should also be noted that the change in the dynamic diameter of the
tire resulting from the centrifugal force acting on the turning wheel in the context of the
thrust of the drive axle generated on the dynamometer is marginal and oscillates around
the value of 0.5–1 mm at 90 km/h [18]. The influence of temperature can be observed by
analyzing the blue and yellow lines for a load of 20,000 N. The influence of the axle load is
more important than the temperature. Considering the necessity of maintaining low tire
temperatures (optimally less than 80 ◦C and no more than 120 ◦C [19]) while tuning the
gas system, in order to prevent their increased wear, it seems reasonable to increase the
axle load to 30,000 N while monitoring the temperature. Tire temperature values at the
end of each test from all measurement setups are summarized in Figure 10. The graph can
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be shifted in the vertical axis by modifying the engine/roller ratio in the dynamometer
settings. In the context of the data presented above, it can be concluded that it seems
reasonable to modify the engine/roller ratio depending on the range of engine loads and
thus work in different ranges for the fuel exchange maps in the gas ECU [3]. Setting a
constant gear ratio will generate measurement errors and may lead to discrepancies in the
readings of rpm values in the dyno and the gas controller.

  
(a) (b) 

  
(c) (d) 

Figure 10. Graphs of errors resulting from the tire slipping on the roll for different rpm depend on
engine load: (a) 25%, (b) 50%, (c) 75%, (d) 100% (authors’ source).

In Figure 11, in the upper right corner of each photo on parameter described as “maks”,
the highest temperature recorded by the thermal camera during test is shown. It can be
noticed that it was always the temperature of the inner wheel near the inside of the tire
tread. Figure 11 above shows that it is worth keeping low tire temperature with higher
axle pressure during tuning in order to extend the service life of the vehicle tires. Axle
load 30,000 N in the case of the tested vehicle seems to be the most appropriate. A possible
solution to this problem is adding a ventilator for extra tire cooling.
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(a) (b) 

  
(c) (d) 

Figure 11. Tire temperature at the end of each test for axle load: (a) 20,000 N (b) 30,000 N (c) 40,000 N
(d) 20,000 (warm tires) (authors’ source).

3.4. Selection of the Optimal Operating Mode of the Chassis Dynamometer

The tuning of dual-fuel installation with the use of a chassis dynamometer in places
with partial engine load can be performed in fuel exchange map spots, using the function
of maintaining constant revolutions of the dynamometer [20,21]. However, in the case of
tuning the external characteristics of the engine (maximum dynamic torque values), it is
necessary to use the dyno ramp mode, which allows the vehicle to be braked in the entire
range of rotational speeds with an appropriately defined acceleration. The selection of the
appropriate acceleration of the vehicle engine on the dynamometer device is of decisive
importance in the creation of the boost pressure, and thus the possibility of achieving the
maximum value of the torque [7]. In the case of semi- truck, it seems important to generate
a sufficiently high braking load on the rollers on the dynamometer, because the semi-truck
has a diesel engine with a turbocharger that has a high inertia, which requires a high load
to achieve full spool [7,21].

During this test, the highest value of dn/dt as rpm/ sec at which it was possible
to correctly determine the external characteristics of the engine (creating highest boost
pressure) was experimentally determined. Results are shown in Figure 12 below.
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Figure 12. Influence of the coasting-down speed for the test of the external characteristics (maximum
torque values) on the boost pressure (authors’ source).

The chart above shows that 10 rpm/s meets our boost pressure requirement. Braking
at lower acceleration values unnecessarily lengthens the test, which in turn stresses the
tires thermally and may lead to more intensive wear. The effects of overheated tires in the
form of tearing off parts of the tire tread are shown in Figure 13.

  
(a) (b) 

Figure 13. Damaged tire due to overheating: (a) view of the tire, (b) view of the broken part of the
tread (authors’ source).

3.5. The Impact of the Correctness of the Selection of the Scope of the Analysis of Data on Losses in
the Drive System and Repeatability of Tests

As in the case of the tested vehicle, in which an automated gearbox was used, also
in other semi-truck, there may be a lack of repeatability in the calculation of the model of
losses in the drive system of the vehicle implemented through the free coast of the vehicle
drive on the rollers of the dynamometer [1,14]. During the tuning process, in the case
of the chart of the maximum performance or the one set for the optimal revolutions, the
incorrectly calculated loss model may generate errors in reading the power and torque in
dual fuel operation [11]. After the measurement is completed, the automatic gearbox may
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generate fluctuations in the recorded resistances of the vehicle drive. A similar situation
does not take place when the brake is pressed in a car with a manual gearbox. At this point,
it is worth considering the repeatability of the selection of the measuring range for the
calculation of losses. Whether the operation of the gearbox is repeatable should be noted,
as well as whether the scope of the analysis of data for the loss model is appropriately
wide and whether it does not include places evidently bending the measurement results.
Figure 14 shows a screen from the dyno software, and calculation of the loss model in the
drive system.

 

(a) 

 

(b) 

Figure 14. Screen from the dyno software, calculation of the loss model in the drive system: (a) nomi-
nal settings, (b) manually selected range of the loss model, and comparison of the repeatability of the
automatic vehicle gearbox operation (authors’ source).

It is worth remembering about the repeatability of the tests in the case of compiling
data before and after conversion to dual fuel power. The key in this aspect is the possible
reproduction of the test conditions before and after this conversion. Figure 15 shows the
result of the repeatability of the tests for the graph of the boost pressure related to the
operating conditions of the fully warmed up and not fully warmed up engine. These types

154



Energies 2022, 15, 4869

of errors affect a number of elements of the installation (e.g., the temperature of the gas
pressure reducer, the possibility of creating the boost pressure).

 

Figure 15. Graph of the repeatability of the boost pressure build-up due to the measurement condi-
tions (engine warm-up) (authors’ source).

4. Discussion

All the operating parameters of the chassis dynamometer mentioned in this document
affect the assessment and tuning effects of dual-fuel systems in semi-trucks. As part of this
study, the aim was to present in general terms the key parameters of the chassis dynamome-
ter that affect the final effect of measurements and tuning for a dual-fuel vehicle. As a result
of negligence resulting from the lack of awareness of the above-mentioned critical elements
of work with the chassis dynamometer during the tuning of the installation and comparing
the effects of this tuning with the single-fuel engine supply, it is possible to present the
results of power measurements of the operating parameters for the external characteristics
of the engine in combination with a correctly measured and adjusted installation. There is
such a statement in Figure 16.

Figure 16. Cont.
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Figure 16. A graph showing the results of external characteristics for the research where: (a) attempts
were made to reduce the impact of errors, and (b) the errors mentioned in this work are combined
(authors’ source).

The above chart shows the wrongly selected measurement course and the influence of
other factors mentioned in this paper, which resulted in the torque and power values lower
by 8.2% and 11.2%.

The scale of problems resulting in inaccurate tuning of the dual-fuel system is pre-
sented in the map of diesel fuel replacement with gaseous fuel. The higher its value in a
given field and the higher the total value of the exchange (while maintaining torque and
power waveforms similar to single-fuel operation), the better. Figure 17 below shows the
comparison of the results of tuning the map of conversion of diesel fuel to gas fuel. In
the example below you can clearly see much worse fuel exchange values, and the overall
exchange value decreased by 9.2%.

 
(a) 

 
(b) 

Figure 17. Comparison of the results of tuning the map of conversion of diesel fuel to gas fuel in
terms of: (a) attempts were made to reduce the impact of errors, and (b) where the errors listed in the
paper are combined (authors’ source).
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5. Conclusions

This document presents the influence of the operating parameters of the chassis
dynamometer on the evaluation of the tuning of dual-fuel systems. The resulting map
of the exchange and the tuning itself are of course influenced by many other elements,
such as the condition of the car (e.g., state of filters [22]) or the correct calibration of the
dynamometer itself. It is also worth mentioning that the dynamometer presented in the
test cannot be used for standardized tests and the effect of the work related to it should
always be a comparative effect in which we have an input and final test, then compare both.
However, it should be remembered that some of the errors can be effectively eliminated,
and this article was also supposed to present this. It is also worth mentioning that the
dynamometer presented in the test cannot be used for standardized tests. The effect of
work on it should always be a comparative effect in which the received first input and
final output are compared with each other. In the context of tuning, this can already
give correspondingly good results. Nevertheless, in order to be closer to reality, it seems
important to eliminate or minimize the errors described in this work. In the opinion of the
authors, further tests in the research system presented in this paper should focus on a more
in-depth analysis of the problems presented in this paper. It also seems justified to test
in the context of exhaust emissions on the test system presented in this paper, compared
to work under standardized engine dynamometer conditions [23–25]. The authors of this
work are considering taking up such a topic in the future.
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Abstract: Thanks to the allocation methods, i.e., the division of the total GHG emissions between
each of the products generated in the production of biofuels, it is possible to reduce the emissions of
these gases by up to 35% in relation to the production and combustion of fuels derived from crude
oil. As part of this study, the biodiesel production process was analyzed in terms of greenhouse gas
(GHG) emissions. On the basis of the obtained results, the key factors influencing the emissions level
of the biodiesel production process were identified. In order to assess the sensitivity of the results of
the adopted allocation method, this study included calculations of GHG emissions with an allocation
method based on mass, energy, and financial shares. The article reviews recent advances that have
the potential to enable a sustainable energy transition, a green economy, and carbon neutrality in
the biofuels sector. The paper shows that the technology used for the production of biodiesel is of
great importance for sustainable development. The possibility of using renewable raw materials for
the production of fuels leads to a reduction in the consumption of fossil fuels and lower emission
of pollutants. It showed that during the combustion of biodiesel, the percentages of released gas
components, with the exception of nitrogen oxides, which increased by 13%, were significantly lower:
CO2—78%, CO—43%, SO2—100%, PM10—32%, and volatile hydrocarbons—63%. Moreover, it was
found that biodiesel undergoes five times faster biodegradation in the environment than diesel oil.

Keywords: biofuel; greenhouse gas emissions; reduction in GHG emissions

1. Introduction

The progressive exploitation of non-renewable resources, such as coal, oil, or gas, leads
to the excessive use of these raw materials and the exhaustion of stocks. The beginning of
the industrial era based on energy-intensive systems has increased the demand for energy.
For several years, an increase in interest in the production of fuels from organic sources
has been observed in the world [1]. This is a result of the overlapping of several factors:
high oil prices, individual countries’ striving for energy sovereignty, counteracting global
warming, and the limited resources of non-renewable resources. In order to meet the
challenges faced by the energy sector and meet environmental protection requirements,
the development of renewable energy sources is essential [2–4]. Biofuels are all fuels that
are produced from biomass. Biomass is considered to be all biodegradable animal and
plant matter, as well as their metabolic products. Biofuels can be in the form of: gaseous,
solid, or liquid. The representative of the first group is biogas obtained in the process
of anaerobic fermentation [5–8]. Liquid biofuels are mainly: bioethanol (ethyl alcohol
produced from plants in fermentation and distillation processes) and biodiesel (chemically
processed vegetable oil). Solid biofuels are processed and unprocessed biomass, as well
as a biodegradable fraction of municipal waste. All the mentioned biofuels are used in
heating and power engineering [9–11].

Many researchers have reported that different blends of biodiesel and diesel can be
effective in reducing CO, HC, and PM emissions such as cooking oil waste biodiesel [12],
jatropha oil biodiesel [13], caranja biodiesel [14], biodiesel from rapeseed oil [15], soybean
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oil biodiesel [16], and palm oil biodiesel [17]. Many researchers have also studied the
effect of biofuels on the performance of internal combustion and diesel engines [18–27].
Few studies have been carried out on the calculation of GHG emissions with the use of
the allocation method based on mass, energy, and financial contributions of biodiesel.
Therefore, this article fills this research gap, and the applied methods have a potential
application value for further analysis of the physicochemical properties of, for example,
PM particles emitted from diesel engines in the future.

Poland, like other EU Member States, is obliged to implement the provisions of EU
directives, including Directive 2009/28/EC [1] promoting renewable energy sources (RED
Directive). It is a comprehensive document with a lot of attention to the assessment of
biofuels and bioliquids and the need to demonstrate that they meet the sustainability
criteria. Confirmation of this fact is to be obtained by the supplier of an appropriate
certificate under the selected certification system. One of the elements of the audit is the
assessment of the determination of the value of greenhouse gas emissions over the life
cycle. The correctness of the determination of this value is therefore extremely important,
and it is influenced by many factors, including the method of allocating GHG emissions, as
well as the calculation tools used.

The new directive on renewable energy, introduced in 2021, provides for a reduction
in greenhouse gas emissions by 40% by 2030, compared to the result from 1990. In addition,
the standard provides for a 32% energy share renewable in final energy consumption [28].
One of the most important changes envisaged by the RED II directive is the fact that not
only the rules relating to the biofuel production chain will be implemented in the EU-wide
sustainable development, but also for biomass fuels that are used in the electricity sector,
as well as in the heating and cooling sector. In the context of biofuels themselves, the new
regulations put more emphasis on reducing greenhouse gas emissions. In this regard, it sets
new criteria to reduce gas emissions by 65–70% for installations that will start operating
after 1 January 2021, and 80% for installations that will start operating after 1 January
2026 [29]. First generation fuels, produced on the basis of agricultural raw materials, will
be additionally burdened with indirect land-user risk indicators. The assumptions of the
latest regulations prioritize the development of advanced biofuels because they assume an
increase in the share of these fuels from 0.5%, which took place in 2020, to the forecasted
3.5% in 2030. As part of advanced biofuels, the production of biodiesel from used cooking
oils will continue to play a significant role [30,31]. In connection with the above activities,
greater supervision and monitoring of entities dealing with their greenhouse gas emissions
for the production of biofuels in the life cycle is expected.

2. Materials and Methods

The issues of the allocation method and other factors influencing the GHG emissions
result for biodiesel are presented in this paper. In addition, all the components of GHG
emissions generated during the cultivation of the raw material used to produce the final
biocomponent were determined and their legitimacy was determined. This article analyzes
rapeseed–agricultural raw materials most often used in Poland for the production of
vegetable oil, from which methyl esters of fatty acids are produced at a later stage. The
calculations made in this study were based on real data obtained from various entities. The
obtained data was averaged and served as input data for the calculations of greenhouse
gas emissions.

Due to the fact that for the purposes of meeting the requirements of Directive
2009/28/EC [1], the GHG emissions for the cultivation stage is given in g CO2eq per
1 MJ of the obtained biofuel, the obtained emissions for one ton of agricultural raw material
should be recalculated taking into account all successive conversion processes. In the case
of oilseed rape, these are the most common processes leading to the production of fatty acid
methyl esters (FAME). For this purpose, calculations are made with the use of conversion
factors for a given treatment process and emission allocation factors are applied taking
into account the type of obtained products: main and by-products. As a result, the final
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result may be influenced by the selection of conversion factors used in the calculations for
oil pressing and FAME production, as well as allocation factors depending on the mass
share of individual process products and their calorific value.

2.1. Overall Mass Balance for the Entire Process

In order to analyze GHG emissions on the basis of various allocation methods, the
overall mass balance of the entire production process was calculated according to individual
stages (Figure 1):

Figure 1. Diagram of biodiesel production by transesterification with the use of a basic catalyst in a flow system. Source:
own study.

Figure 1 shows a technological scheme for the production of biodiesel from rapeseed
oil by transesterification with the use of a basic catalyst (NaOH), including 4 stages:

(1) Transesterification and recovery of methanol;
(2) Separation of methyl esters and glycerin fractions;
(3) Purification of methyl esters;
(4) Purification of the glycerin fraction.

The production of biodiesel as part of the research consisted in directing the stream
of crude rapeseed oil, after increasing the pressure and heating (temperature 60 ◦C and
pressure 4 bar) for transesterification. Fresh methanol and catalyst (NaOH) are then
routed to the mixer, to which also the methanol recovered from transesterification is
recirculated. The resulting sodium methoxide is successively directed to the column where
the transesterification is carried out, after which the mixture is sent to the distillation
column. Methanol is recovered at the temperature of 150 ◦C, and then, after cooling down
to the temperature of 60 ◦C, it is returned to the process. The remaining components,
after cooling in a heat exchanger, are directed to the separation, where the ester phase is
separated from the glycerin phase and impurities. Then, the esters are routed to purification.
Initially, in the countercurrent reactor they are rinsed with water at 25 ◦C to remove soaps.
From the countercurrent column, they are directed to a centrifuge, where they separate
from impurities, and then pass them to vacuum distillation to dry them. In this way,
products with a purity of 99.8% are obtained. Subsequently, the glycerin phase is directed
to the tank where H3PO4 is introduced in order to neutralize the basic catalyst. After
centrifugation in the centrifuge, the Na3PO4 sediment formed is treated as waste. Then,
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after the distillation of crude glycerin, technical glycerin is obtained. The advantages of the
process include: complexity of the system, high efficiency, and high quality of esters.

Process description:
Stage 1

- Combination of sodium base (Qk) with methanol (Qm, cz) in the mixer (1);
- Feeding the obtained mixture and recirculated methanol (Qm, rz) to the mixer (2);
- Supplying oil (Qol) and methanol with the catalyst to the RT reactor for transesterifica-

tion;
- Feeding the transesterified mixture to the distillation column (K1) to recover the

methanol;
- Recirculation of the recovered condensed methanol (Qm, rz) to the mixer (2).

Stage 2

- Feeding the transesterification products: esters, glycerin, unreacted oil, catalyst, and
water as a washing substance to the washing column (K2);

- Separation of the ester phase (Qfe) from the glycerin phase (Qfg) in the K2 column.

Stage 3

- Directing impure esters (Qfe) to column K3 in order to remove from them methanol
(Qus, me), water (Qus, we) and unreacted oil (Qol, poz);

- Collection of purified methyl esters (QEM, eyes) in the tank.

Stage 4

- Directing the contaminated glycerin phase (Qfg) to a neutralization reactor (OFG) to
remove the catalyst, methanol, and water;

- Feeding phosphoric acid to the reactor;
- Directing the products resulting from the neutralization to the separator (S) in order

to remove the sediment (Qosad);
- Crude glycerin (Qgs) is directed to the distillation column (K4) to remove water (Qus,

wg) and methanol (Qus, mg);
- Purified glycerin (Qg, ocz) is formed in the K4 column.

2.2. GHG Emissions Allocation

In the production of biofuels, in addition to the main product, there are also by-
products and waste. In line with the methodology set out in the RED directive, the GHG
emissions generated during production are allocated to the main product and by-products.
Emissions are not allocated to waste if it is used for other purposes (e.g., energy). Then
the emissions amount for the generation step is assumed to be zero. The way in which
the resulting GHG emissions are “split” between the produced biofuel and by-products
will have an impact on the final result of the biofuel’s ability to reduce greenhouse gas
emissions. Emissions allocation should be carried out at the production stage, which
produces the biofuel, bioliquid, or by-product suitable for storage and sale. The allocation
of GHG emissions can be carried out at individual stages of the production of the final
product and by-products, after which these products are still processed in subsequent
stages. If the subsequent stages of production (products and by-products) are related to the
previous ones (material or energy factors), the allocation should be made at the moment
when these stages become separate processes, not related in any way to the previous ones.

The total GHG emissions and allocation to the main product and by-product were
calculated on the basis of the following formulas [32,33]:

Ct = Cf + Cm + Ce (1)

where
Ct—total emissions related to all inputs, CO2eq,
Cf—emissions contributed with the raw material, CO2eq,
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Cm—emissions brought in with other materials, CO2eq,
Ce—emissions related to energy consumption, CO2eq.
The allocation of GHG emissions to biofuels/bioliquids and to the by-product was

calculated from the following formulas:

C1 = Ct·Q1· LHV1

Q1·LHV1 + Q2·LHV2

C2 = Ct·Q2· LHV1

Q1·LHV1 + Q2·LHV2
(2)

where
Ct—total emissions related to all inputs, CO2eq,
C1—GHG emissions allocation to biofuel/bioliquid, CO2eq,
C2—allocation of GHG emissions to the by-product, CO2eq,
Q1/2—the quantity of the product 1/2, expressed in mass units,
LHV1/2—calorific value of product 1/2, expressed as a unit of energy per unit mass.
As part of the research, the allocation was carried out:

- On the basis of physical quantities (mass, energy content).

This method is based on assigning GHG emissions to each of the resulting products
and by-products in direct proportion to their obtaining (based on the mass or energy
balance) [34]. If the allocation method is adopted based on the mass balance, the mass
of the main products, and by-products was initially calculated. Then, based on their
percentages of the total mass of production (sum of the masses of the main product and
the by-product), they were assigned an emissions percentage.

- On the basis of economic figures.

Allocation based on economic quantities gives the least stable and less comparable
results. The allocation can be made based on the market prices of raw materials and
finished products, production costs, storage, transportation of the final product and by-
products. Analyzes carried out in different regions of the world may differ from each
other, because the prices of raw materials and by-products, as well as production costs, can
vary significantly depending on the economic policy of a country and on the location of
the region.

- Based on an extensive system.

The allocation made by the extended system method is used especially by scientists
from the USA. According to the concept of this method, the system boundaries are extended
to include additional alternative products. The activities not related to the life cycle of a
given product are also included in the calculations. First, you need to define the amount
of biofuel produced and the by-products and products that are on the market that can
be replaced by biofuel by-products. Next, the ratio to which the products in question
can be replaced by by-products of the biofuel production process is calculated and the
environmental impact of the products to be replaced is determined. It may turn out that
you replace existing products on the market with products byproducts of the biofuel
production process will reduce the negative environmental impact of the biofuel life cycle.

2.3. GHG Emissions Calculation Method

According to the RED Directive, greenhouse gas emissions from the production and
use of transport fuels, biofuels and bioliquids are calculated from the formula [32,33]:

E = eec + el + ep + etd + eu − esca − eccs − eccr − eee (3)

where
E—total emissions caused by the use of fuel,
eec—emissions caused by the extraction or cultivation of raw materials,
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el—annual emissions caused by changes in the amount of the carbon element in
connection with the change in land use,

ep—emissions caused by technological processes,
etd—emissions from transport and distribution,
eu—emissions caused by the fuel used,
esca—emissions saving value due to carbon accumulation in the soil thanks to bet-

ter farming,
eccs—reduction in emissions due to carbon capture and storage in deep geologi-

cal structures,
eccr—emissions reduction due to carbon capture and replacement,
eee—emissions reduction due to increased electricity production from cogeneration.

3. Results and Discussion

3.1. Overall Mass Balance for the Entire Process

Technological calculations for the four stages of biodiesel production.
Stage 1. The alcohol transesterification and recovery process include the calcula-

tion of methanol and catalyst charge and calculations related to methanol recovery and
recirculation (Table 1).

Table 1. Technological assumptions for methanol transesterification and recovery.

Parameter Symbol Unit Assumed Value

oil flow rate Qol kg/h 1050
methanol concentration ηm,e % weight of raw material 11
catalyst concentration ηk % weight of raw material 1.0

alcohol density ρm g/cm3 0.797
oil density ρol g/cm3 0.899

content of triacylglycerols ηAc % ~100
transesterification temperature Te

◦C 60
transesterification pressure pe kPa (atm) 400 (4.07)
yield of transesterification ηe % 95

alcohol distillation temperature Tdest
◦C 150

alcohol distillation pressure pdest kPa (atm) 30 (3.06)
alcohol recovery efficiency ηdest % 94

Source: own study based on [32,33].

• Supply of raw materials

The calculations concern the required amounts of methanol and catalyst to carry out
the transesterification [33,35]:

Amount of methanol needed for transesterification Qm,t (kg/h):

Qm,t = Qol·ηm,e

100
= 1050 · 11

100
= 115.5

[
kg
h

]
(4)

The amount of methanol supplied to the reactor Qm (kg/h), with its twofold excess:

Qm = 2· Qm,t = 2 ·115.5 = 231
[

kg
h

]
(5)

Required amount of catalyst Qk (kg/h):

Qk = Qol · ηk
100

= 1050 · 1.0
100

= 10.5
[

kg
h

]
(6)

• Recovery of methanol

The calculations concern the possibility of methanol recovery and its reuse in the
transesterification process and the amount of pure methanol supplied to the process.
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Amount of methanol theoretically recoverable Qm,teor (kg/h):

Qm,teor = Qm −
(

Qm,t · ηe

100

)
= 231 −

(
115.5 · 95

100

)
= 121.275

[
kg
h

]
(7)

Actual amount of methanol recovered Qm,rz (kg/h):

Qm,rz = Qm,teor · ηdest
100

= 121.275 · 94
100

= 113.9985
[

kg
h

]
(8)

Amount of pure methanol to be fed to the reactor, taking into account its recirculation,
Qm,cz (kg/h):

Qm,cz = Qm − Qm,rz = 231 − 113.9985 = 117.0015
[

kg
h

]
(9)

Amount of methanol remaining after distillation in the stream of transesterification
products Qm,poz (kg/h):

Qm,poz = Qm,teor − Qm,rz = 121.275 − 113.9985 = 7.2762
[

kg
h

]
(10)

• Transesterification products

Based on the transesterification equation, when reacting with 100 kg of oil, 100.45 kg
of biodiesel and 10.55 kg of glycerol can be obtained (assuming the molar weight of the
oil is 871.67 g/mol, and the methyl esters are 875.6 g/mol). The material balance of raw
materials, products and by-products after the alcohol transesterification and recovery stage
is presented in Table 2.

Amount of QME methyl esters (kg/h):

QME =
100.45 ·Qol

100
· ηe

100
=

100.45 ·1050
100

· 95
100

= 1001.9888
[

kg
h

]
(11)

Amount of unreacted rapeseed oil Qol,poz (kg/h):

Qol,poz = Qol ·
(

1 − ηe

100

)
= 1050 ·

(
1 − 95

100

)
= 52.5

[
kg
h

]
(12)

Amount of glycerol Qglicerol (kg/h):

Qglicerol =
10.4 ·Qol

100
· ηe

100
=

10.4 ·1050
100

· 95
100

= 103.74
[

kg
h

]
(13)

Stage 2. Separation of methyl esters and glycerin fraction. At the stage of separation of
methyl esters and glycerin fractions, the water charge needed for ester washing, methanol
and catalyst loads, and water drained from the esters and glycerin phase should be calcu-
lated on the basis of the shares of individual components. The technological assumptions
for the separation of methyl esters and the glycerol fraction are presented in Table 3.
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Table 2. Material balance of raw materials, products, and by-products after the stage of alcohol transesterification and
recovery.

Raw Materials Products

Type Symbol Load (kg/h) Type Symbol Load (kg/h)

canola oil Qol 1050 methyl esters QME 1001.9888
unreacted oil glycerol Qol,poz. 52.5
unreacted oil glycerol Qglicerol 103.7400

catalyst (NaOH) Qk 10.5 catalyst (NaOH) Qk 10.5
fresh methanol Qm,cz 117.0015 unreacted methanol Qm,poz. 7.2765

Sum Qprod 1176.0150

Source: own study based on [32,33].

Table 3. Technological assumptions for the separation of methyl esters and glycerin fraction.

Parameter Symbol Unit Value

amount of water for rinsing the methyl esters ηw % wag. Qprod 1.0
water fraction (ester fraction/glycerin fraction) ηw,e/ηw,g % 10/90

methanol fraction (ester fraction/glycerol fraction) ηm,e/ηm,g % 60/40
catalyst fraction (NaOH) (ester fraction/glycerol fraction) ηk,e/ηk,g % 0/100

unreacted oil fraction (ester fraction/glycerin fraction) ηol,e/ηol,g % 100/0
temperature (separator inlet/outlet) Ts

◦C 50/60

pressure (separator inlet/outlet) ps kPa (atm.) 110/120
1.12/1.22

Source: own study based on [32,33].

Amount of water needed for rinsing methyl esters Qw (kg/h):

Qw = Qprod · ηw

100
= 1176.015 · 1.0

100
= 11.7602

[
kg
h

]
(14)

Amount of water discharged with the ester fraction Qw,e (kg/h):

Qw,e = Qw · ηw,e

100
= 11.7602 · 10

100
= 1.176

[
kg
h

]
(15)

Amount of methanol discharged with the ester fraction Qm,e (kg/h):

Qm,e = Qm,poz · ηm,e

100
= 7.2765 · 60

100
= 4.3657

[
kg
h

]
(16)

Amount of catalyst (NaOH) discharged with the ester fraction Qk,e (kg/h):

Qk,e = Qk · ηk,e

100
= 10.5 ·0 = 0

[
kg
h

]
(17)

Amount of unreacted oil discharged with the ester fraction Qol,e (kg/h):

Qol,e = Qol,poz
ηol,e

100
= 52.5 · 100

100
= 52.5

[
kg
h

]
(18)

Amounts of water, methanol, catalyst, and unreacted oil discharged with the glycerin
fraction, analogous to the ester fraction:

Qw,g = Qw · ηw,g

100
= 11.7602 · 90

100
= 10.5842

[
kg
h

]
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Qm,g = Qm, poz ·
ηm,g

100
= 7.2765 · 40

100
= 2.9106

[
kg
h

]

Qk,g = Qk · ηk,g

100
= 10.5 · 100

100
= 10.5

[
kg
h

]

Qol,g = Qol,poz ·
ηol,g

100
= 52.5 ·0 = 0

[
kg
h

]
(19)

The ester and glycerol fractions discharged from the separator are presented Table 4.

Table 4. Ester and glycerol fractions discharged from the separator.

Parameter Unit
Value

Ester Phase Glycerin Phase

load of methyl esters/glycerol kg/h QME 1001.9888 Qglycerol 103.74
water load kg/h Qw,e 1.176 Qw,g 10.5842

methanol charge kg/h Qm,e 4.3657 Qm,g 2.9106
catalyst load (NaOH) kg/h Qk,e 0 Qk,g 10.5

unreacted oil load kg/h Qol,e 52.5 Qol,g 0
Charge of the ester phase/glycerol phase kg/h Qfe 1060.0305 Qfg 127.7348

Source: own study based on [32,33].

Stage 3. Purification of methyl esters. The purification of methyl esters consists in
removing water, methanol, and unreacted oils from them based on the degree of removal
of individual components from the main product. The technological assumptions for the
purification of methyl esters are presented in Table 5.

Table 5. Technological assumptions for the purification of methyl esters.

Parameter Symbol Unit Value

degree of water removal ηus w,e % 99.6
methanol removal rate ηus m,e % 99.6

degree of removal of unreacted oil ηus ol,e % 100
temperature in the distillation column Tdest,c

◦C 193.7
pressure in the distillation column pdest,e kPa (atm.) 10 (0.102)

Source: own study based on [32,33].

Removed amount of water Qus w,e (kg/h):

Qus w,e = Qw,e · ηus w,e

100
= 1.176 · 99.6

100
= 1.1713

[
kg
h

]
(20)

Removed amount of methanol Qus m,e =(kg/h):

Qus m,e = Qm,e · ηus w,e

100
= 4.3657 · 99.6

100
= 4.3482

[
kg
h

]
(21)

The amount of unreacted oil removed Qus ol,e (kg/h):

Qus ol,e = Qol,e ·
ηus ol,e

100
= 52.5 · 100

100
= 52.5

[
kg
h

]
(22)

Amount of purified methyl esters QEM,ocz (kg/h):

QEM,ocz = Qfe − Qus w,e − Qus m,e − Qus ol,e = 1060.0305 − 1.1713 − 4.3482 − 52.5 = 1002.0011
[

kg
h

]
(23)

The material balance of raw materials, products and by-products after the purification
stage of methyl esters is presented in Table 6.
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Table 6. Material balance of raw materials, products, and by-products after the methyl ester purification step.

Raw Materials Products Side Products

Type Load (kg/h) Type Load (kg/h) Type Load (kg/h)

ester fraction Qfe
1060.0305 purified methyl esters QEM,ocz

1002.0011 water removed Qus w,e 1.1713

methanol removed Qus m,e 4.3482

unreacted oil removed Qus ol,e 52.5

Sum 58.0195

Source: own study based on [32,33].

Stage 4. Purification of the glycerin fraction. The purification of the glycerol fraction
consists in removing the catalyst.

• Catalyst removal (NaOH)

To neutralize 1 kg of NaOH, use 0.81667 kg of pure phosphoric acid. The reaction
produces 1.3667 kg of sodium triphosphate and 0.450 kg of water.

Amount of pure phosphoric acid to neutralize the sodium hydroxide Qkwas,100 (kg/h):

Qkwas,100 = 0.81667· Qk,g = 0.81667 ·10.5 = 8.575
[

kg
h

]
(24)

The amount of phosphoric acid at 85% concentration to neutralize the sodium hydrox-
ide Qkwas,85 (kg/h):

Qkwas,85 =
100
85

· Qkwas,100 =
100
80

·8.575 = 10.7188
[

kg
h

]
(25)

Amount of water introduced with 85% phosphoric acid Qw kwas,85 (kg/h):

Qw kwas,85 =

(
100 − 85

85

)
· Qkwas, 85 =

(
100 − 85

85

)
·10.7188 = 1.8916

[
kg
h

]
(26)

Amount of tri-sodium phosphate formed Qosad (kg/h):

Qosad = 1.3667 · Qk,g = 1.3667 ·10.5 = 14.35
[

kg
h

]
(27)

Amount of water formed by the neutralization reaction of sodium hydroxide Qw,z (kg/h):

Qw,z = 0.450 · Qk,g = 0.450 ·10.5 = 4.725
[

kg
h

]
(28)

Amount of glycerin fraction after catalyst removal (crude glycerin) Qfg,n (kg/h):

Qfg,n = Qfg − Qk,g = 127.7348 − 10.5 = 117.2348
[

kg
h

]
(29)

The material balance of raw materials, products and by-products after the catalyst
removal stage from the glycerin fraction is presented in Table 7.
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Table 7. Material balance of raw materials, products, and by-products after the catalyst removal step from the glycerin fraction.

Raw Materials Products Side Products

Type Load (kg/h) Type Load (kg/h) Type Load (kg/h)

glycerin fraction Qfg 127.7348 glycerin fraction after
catalyst removal Qfg,n 117.2348 tri-sodium phosphate

(precipitate) Qosad 14.35

pure phosphoric
acid Qkwas,100 8.575 water formed by the

neutralization reaction Qw,z 4.725

water introduced
from acid.

phosphorus 85%
Qkwas,85 1.8916 water introduced from

phosphoric acid 85% Qw kwas,85 1.8916

Sum Qgs = 123.8514

Source: own study based on [32,33].

• Purification of crude glycerin

The purification of crude glycerin is based on the removal of water and methanol
based on the degree of removal of these components. Technological assumptions for the
purification of raw glycerin is presented in Table 8.

Table 8. Technological assumptions for the purification of raw glycerin.

Parameter Symbol Unit Value

degree of water removal ηus w,gs % 33.7
methanol removal rate ηus m,gs % 100

Source: own study based on [32,33].

Removed amount of water Qus w,gs (kg/h):

Qus w,gs = Qgs − Qfg,n · ηus w,gs

100
= 123.8514 − 117.2348 · 33.7

100
= 84.3433

[
kg
h

]
(30)

Removed amount of methanol Qus m,gs (kg/h):

Qus m,gs = Qm,g · ηus m,gs

100
= 2.9106 · 100

100
= 2.9106

[
kg
h

]
(31)

Amount of purified glycerin Qg,ocz (kg/h):

Qg,ocz = Qgs − Qus w,gs − Qus m,gs = 123.8514 − 84.3433 − 2.9106 = 36.5975
[

kg
h

]
(32)

Material balance of raw materials, products, and by-products after the crude glycerin
purification step is presented in Table 9.

Table 9. Material balance of raw materials, products, and by-products after the crude glycerin
purification step.

Raw Materials Products Side Products

Type Load (kg/h) Type Load (kg/h) Type Load (kg/h)

raw glycerin Qgs
123.8514

purified
glycerin

Qg,ocz
36.5975

water
removed

Qus w,gs
84.3433

methanol
removed

Qus m,gs
2.9106

Suma 84.1049
Source: own study based on [32,33].
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Overall mass balance. On the basis of mass balances prepared for each stage of
biodiesel production, a general balance was prepared for an hour of the entire technological
process. Material balance of raw materials, products, and by-products after taking into
account all four stages of the technological process is presented in Table 10.

Table 10. Material balance of raw materials, products, and by-products after taking into account all four stages of the
technological process.

Raw Materials Products Side Products

Type Load (kg/h) Type Load (kg/h) Type Load (kg/h)

canola oil 1050 methyl esters purified 1002.0011 unreacted oil 52.5
catalyst 10.5 purified glycerin 36.5975

methanol 117.0015 methanol 4.3482
water 11.7602 water 1.1713

phosphoric acid 8.575 tri-sodium phosphate 14.35
Sum 1197.837 1002.0011 108.867

Source: own study based on [32,33].

Table 11 presents the annual mass balance of the transesterification process. It was
assumed that the process installation works 8000 h a year, and to facilitate the calculations,
a ton was taken as the basic unit. The annual material balance of raw materials, products,
and by-products of the transesterification process is presented in Table 11.

Table 11. The annual material balance of raw materials, products, and by-products of the transesterification process.

Raw Materials Products Side Products

Type Load (t/Number of
Hours a Year (8000 h)

Type Load (t/Number of
Hours a Year (8000 h)

Type Load (t/Number of
Hours a Year (8000 h)

canola oil 8400 methyl esters purified 8016 unreacted oil 420
catalyst 84 purified glycerin 292.8

methanol 936 methanol 346.4
water 94.08 water 9.6

phosphoric acid 688 tri-sodium phosphate 115.2
Sum 10,202.08 8016 1184

Source: own study based on [32,33].

3.2. GHG Emissions Allocation

To assess the impact of emissions allocation in biodiesel production, it was assumed
that the emissions would be split between the main product—biodiesel (purified methyl
esters) and the by-product—glycerin. Three different ways of allocating emissions were
carried out on the basis of mass balance, financial, and calorific values. Allocation based
on the mass balance is presented in Table 12.

Table 12. Allocation based on the mass balance.

Product Annual Production (t) Total Weight of Products % of Assigned Emissions

biodiesel 8016 8308.8 96.5
glycerin 292.8 3.5

Source: own study based on [32,33].

• Allocation based on the mass balance of the installation

The allocation on the basis of a mass balance showed that 96.5% of the emissions are
attributed to biodiesel and the remaining 3.5% to glycerin. Allocation of emissions taking
into account the market value of the resulting products is presented in Table 13.
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Table 13. Allocation of emissions taking into account the market value of the resulting products.

Product Annual Production (t) Value (EUR/ton)
Product Value

(EUR)
The Total Value of

EUR
% of Assigned

Emissions

biodiesel 8016 800 6,273,391.31
6507146.67

98.50%
glycerin 292.8 322.23 94,346.67 1.50%

Source: own study based on [32,33].

• Financial allocation

The financial allocation of the issue takes into account the market values of the
products. The prices of biodiesel and glycerin were taken from internet sources. In this
case, the attributed emissions for biodiesel is 98.6%, while for glycerin only 1.5% (this is due
to the high price of biodiesel in relation to glycerin and higher annual biofuel production).
Allocation of emissions based on the calorific value of products is presented in Table 14.

Table 14. Allocation of emissions based on the calorific value of products.

Product
Annual

Production (t)
Calorific Value (GJ/t)

Energy Contained
in Product (GJ)

Total Energy (GJ)
% of Assigned

Emissions

biodiesel 8016.0 37.5 300,600
306,543.84

98
glycerin 292.8 20.3 5943.84 2

Source: own study based on [32,33].

• Allocation based on the calorific value of the products

Taking into account the calorific values of the products, the emissions assigned to
biodiesel is 98% and to glycerin 2%. This is due to almost twice the calorific value of biofuel
as glycerin. As can be seen from the above calculations, the allocation method is important
in estimating GHG emissions for the main product (i.e., biodiesel). The attributed GHG
emissions to the biofuel ranges from 96.5% (allocation based on a mass balance) to 98.5%
(financial allocation).

3.3. GHG Emissions in the Life Cycle of Biodiesel with Different Allocation Factors for the
Transesterification Stage

The final result of GHG emissions is also influenced by the values of emitted pollutants
obtained in the entire process (cultivation, storage, and transport). An analysis was
performed to assess the impact of the adopted method of GHG emissions allocation at the
production stage on the final value. It was based on the GHG emissions values (converted
into GJ of energy contained in the biofuel) presented in the Biograce calculator. According to
Biograce, the emissions allocation factor for biodiesel is 95.7% and is close to the calculated
results. The calculations assume that the land-use change emissions and the brownfield
rehabilitation bonus are zero and are not taken into account in the analysis. GHG emissions
in the biofuel life cycle based on mass share is presented in Table 15.

For the allocation factor of 96.50%, the GHG emissions result is 51.92 g CO2 eq/MJ for
the transesterification process. GHG emissions in the biofuel life cycle based on financial
allocation is presented in Table 16.

For the allocation factor of 98.50%, the GHG emissions result is 52.27 g CO2 eq/MJ for
the transesterification process. GHG emissions in the life cycle of a biofuel based on the
energy content is presented in Table 17.
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Table 15. GHG emissions in the biofuel life cycle based on mass share.

Stage
Issue without Taking into

Account the Allocation
(g CO2 eq/MJ)

Allocation
Factor

Issue after Taking into
Account the Allocation

(g CO2 eq/MJ)

Share of
Emissions GHG

stageec

Cultivation 48.35 58.60% 28.33 54.57%
Storage 0.72 58.60% 0.42 0.81%

stagep

Oil extraction 6.5 58.60% 3.81 7.34%
Refining 1.06 95.70% 1.01 1.95%

Transesterification 17.51 96.50% 16.90 32.54%

stagetd

Rapeseed transport 0.3 58.60% 0.18 0.34%
Rapeseed oil transport 0 95.70% 0.00 0.00%

Transport of biodiesel to the
warehouse 0.47 100.00% 0.47 0.91%

Transport to petrol stations 0.8 100.00% 0.80 1.54%
Sum 75.71 51.92 100.00%

Source: own study based on [32,33].

Table 16. GHG emissions in the biofuel life cycle based on financial allocation.

Stage
Issue without Taking into

Account the Allocation
(g CO2 eq/MJ)

Allocation
Factor

Issue after Taking into
Account the Allocation

(g CO2 eq/MJ)

Share of
Emissions GHG

stageec

Cultivation 48.35 58.60% 28.33 54.20%
Storage 0.72 58.60% 0.42 0.81%

stagep

Oil extraction 6.50 58.60% 3.81 7.29%
Refining 1.06 95.70% 1.01 1.94%

Transesterification 17.51 98.50% 17.25 33.00%

stagetd

Rapeseed transport 0.30 58.60% 0.18 0.34%
Rapeseed oil transport 0.00 95.70% 0.00 0.00%

Transport of biodiesel to the
warehouse 0.47 100.00% 0.47 0.90%

Transport to petrol stations 0.80 100.00% 0.80 1.53%
Sum 75.71 52.27 100.00%

Source: own study based on [32,33].

For an allocation factor of 98%, the GHG emissions result is 52.18 g CO2 eq/MJ for the
transesterification process. The GHG emissions result for the esterification process ranges
between 52.27 and 51.92 g CO2 eq/MJ. In the case of financial allocation, 52.27 g CO2
eq/MJ was obtained, which is the highest of all GHG emission results. The allocation based
on mass shares resulted in a lower emissions result—51.92 g CO2 eq/MJ. Fluctuations in
the final result, depending on the method adopted, amount to a maximum of 0.35 g CO2
eq/MJ. The lowest GHG emissions result was observed when using the allocation based
on mass share and it is lower by 0.26 g CO2 eq/MJ than the emissions result obtained
according to the allocation based on energy content (52.18 g CO2 eq/MJ). The result based
on the financial allocation is 0.09 g CO2 eq/MJ higher than the allocation based on energy
content. The presented calculations show the influence of the adopted allocation method
on the final result of the greenhouse gas emissions reduction capacity. The analysis of
the obtained GHG emission results shows that for one stage of the biofuel production
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process (in this case transesterification) the use of different allocation methods does not
significantly affect the total GHG emissions result (the maximum difference is 0.35 g CO2
eq/MJ). It should be remembered that the analysis was carried out only for one production
stage, which is the transesterification of rapeseed oil.

Table 17. GHG emissions in the life cycle of a biofuel based on the energy content.

Stage
Issue without Taking into

Account the Allocation
(g CO2 eq/MJ)

Allocation
Factor

Issue after Taking into
Account the Allocation

(g CO2 eq/MJ)

Share of
Emissions GHG

stagep

Cultivation 48.35 58.60% 28.33 54.29%
Storage 0.72 58.60% 0.42 0.81%

stagep

Oil extraction 6.5 58.60% 3.81 7.30%
Refining 1.06 95.70% 1.01 1.94%

Transesterification 17.51 98% 17.16 32.88%

stagetd

Rapeseed transport 0.3 58.60% 0.18 0.34%
Rapeseed oil transport 0 95.70% 0.00 0.00%

Transport of biodiesel to the
warehouse 0.47 100.00% 0.47 0.90%

Transport to petrol stations 0.8 100.00% 0.80 1.53%
Sum 75.71 52.18 100.00%

Source: own study based on [32,33].

4. Conclusions

Based on the research, the following conclusions were drawn:

1. The use of biofuels has a better environmental impact than the use of petroleum prod-
ucts, as their combustion emits an average of 35% less greenhouse gases compared to
the combustion of diesel fuel.

2. By allocating pollutants, total GHG emissions can be reduced over the life cycle of
the main product (biodiesel) by about 31% as emissions are split between it and the
by-product (glycerin).

3. The least favorable method of allocating GHG emissions is financial allocation, be-
cause its result depends on the prices of raw materials used for production and the
prices of final products and by-products, which may differ in individual countries of
the world. The high price of biodiesel in relation to the price of glycerin makes the
total GHG emissions for the main product the highest.

4. The allocation of pollutants on the basis of mass contributions is the most advanta-
geous method of allocating emissions GHG, as its percentage attribution is calculated
on the basis of the quantities actually produced of the main product and the by-
product during the year. The total amount of greenhouse gas emissions attributed to
the main product is the smallest.

5. Carrying out the allocation of GHG emissions for one stage of the biofuel life cycle-
transesterification does not significantly affect the total value of greenhouse gases
produced, because this cycle not only consists of the production process, but also the
cultivation and storage of raw materials, transport of raw materials to the plant, and
transport final products to recipients.
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Abbreviations

GHG greenhouse gases
FAME higher fatty acid methyl esters
RME rapeseed oil methyl esters
WKT free fatty acids
ppm parts per million
ηm,e methanol concentration
ηk catalyst concentration
ηe transesterification efficiency
ηdes alcohol recovery efficiency
Qol rapeseed oil flow rate
Qm,t amount of methanol needed for transesterification
Qm the amount of methanol fed to the reactor, with its double excess
Qk required amount of catalyst
Qm,teor the amount of methanol theoretically possible to recover
Qm,rz actual amount of recovered methanol
Qm,cz the amount of pure methanol to be fed to the reactor, taking into account its recirculation

Qm,poz
the amount of methanol remaining in the stream of transesterification products
after distillation

QME amount of methyl esters
Qol,poz quantity of unreacted rapeseed oil
Qglicerol amount of glycerol

Qprod
the amount of esters, glycerin, unreacted oil and catalyst going to the separation of
methyl esters and glycerin fraction

Qw the amount of water needed to rinse the methyl esters
ηw the amount of rinsing water methyl esters
Qw,e the amount of water discharged with the ester fraction
ηw,e water share in the ester fraction
Qm,e amount of methanol discharged with the ester fraction
ηm,e share of methanol in the ester fraction
Qk,e amount of catalyst discharged with the ester fraction
ηk,e catalyst share in the ester fraction
Qol,e the amount of unreacted oil discharged with the ester fraction
ηol,e share of unreacted oil in the ester fraction
Qw,g the amount of water discharged with the glycerin fraction
ηw,g water share in the glycerin fraction
Qm,g amount of methanol discharged with the glycerin fraction
ηm,g share of methanol in the glycerin fraction
Qk,g the amount of catalyst discharged with the glycerin fraction
ηk,g catalyst share in the glycerin fraction
Qol,g the amount of unreacted oil discharged with the glycerin fraction
ηol,g share of unreacted oil in the glycerin fraction
Qfe charge of the ester fraction discharged from the separator
Qfg charge of glycerin fraction discharged from the separator
Qus w,e the amount of water removed from the methyl esters
ηus w,e degree of water removal from esters methyl
Qus m,e removed amount of methanol from methyl esters
ηus m,e the degree of methanol removal from methyl esters
Qus ol,e the amount of unreacted oil removed from methyl esters
ηus ol,e the degree of removal of unreacted oil from methyl esters
QME,ocz amount of purified methyl esters
Qkwas,100 the amount of pure phosphoric acid to neutralize the catalyst
Qkwas,85 85% phosphoric acid to neutralize the catalyst
Qw kwas,85 amount of water discharged with 85% phosphoric acid
Qosad amount of tri-sodium phosphate precipitate
Qw,z the amount of water formed in the catalyst neutralization reaction
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Qfg,n the amount of glycerin fraction after catalyst removal
Qgs the amount of crude glycerin after the catalyst removal step
Qus w,gs the amount of water removed from the glycerin fraction
ηus w,gs the degree of water removal from the glycerin fraction
Qus m,gs the amount of methanol removed from the glycerin fraction
ηus m,gs the degree of methanol removal from the glycerin fraction
Qg,ocz the amount of purified glycerin
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Abstract: The constant development of civilization increases environmental pollution as a result of
industrial activity and transport. Consequently, human activity in this area is restricted by regulations
governing the permissible emission of harmful substance components into the environment. These
include substances emitted by combustion engines, the use of which remains high in many industries.
Consequently, research is being conducted to reduce the emissions of harmful exhaust components
from existing and newly manufactured internal combustion engines. This research presents a used
semi-truck engine, in which an innovative Compressed Natural Gas (CNG) supply system was
applied. Using this fuel supply installation allows a mass exchange of the base diesel fuel to natural
gas of up to 90%. The study evaluated the effect of the diesel/CNG exchange ratio for different
engine operating conditions (engine load, speed) on the concentration of toxic components, such as
CO, NO, NO2, NOX, as a sum of NO, NO2, CH4, C2H4, C2H6, C3H8, NH3, and CH2O. The use of a
dual-fuel system had a positive effect on the emissions of some harmful exhaust components, even in
an engine from a vehicle that had been running for many years on diesel and at high mileage, but,
simultaneously, the emissions of some harmful exhaust gas components increased.

Keywords: diesel-CNG; CNG; dual-fuel; alternative fuel; exhaust gas composition; exhaust emissions;
CO; NO; NO2; NOX CH4; C2H4; C2H6; C3H8; NH3; CH2O

1. Introduction

This study is a continuation of an article [1] published by the authors in the Energies
journal. The second article in the series aims to extend and complete the knowledge
on emissions of harmful components of exhaust gases and their changes by dual-fuel
engines fuelled with natural gas and diesel fuel. The previous article described in detail the
principle of operation of dual-fuel engines running on liquid and gaseous fuels and the
test methodology.

Theoretically, dual-fuel engines that succeed in creating a homogeneous mixture of
low-reactive fuel and air allow both fuels to be burned with an efficiency comparable
to that of an HCCI (Homogeneous Charge Compression Ignition) engine. In the case
of dual-fuel combustion, this type of engine operation is considered as a RCCI engine
(Reactivity Controlled Compression Ignition), described in detail in other works by the
authors [1,2]. The basics of the operation of this type of engine will be cited here as an
introduction, a more detailed description can be found in our paper [3] based on dozens of
other bibliographic references.

In a dual-fuel Compression Ignition (CI) engine, a motor is fed indirectly by a high-
octane-number and low-reactive fuel which, in the presented research, was CNG. Then,
after a compression process the high-cetane-number fuel is injected into the combustion
chamber which, as a result of self-ignition, leads to the ignition of the liquid fuel and then
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the gaseous fuel as well. Such a combination is the most popular version of the “Dual-Fuel”
CI power supply. There are some good reasons in favor of using such a simply solution,
including the high percentage of replacement value and easy modification of the engine [4].

Purpose of the Study and Literature Review

The purpose of the study was to present the emissions and their changes from the tests
carried out in order to enable them to be compared with other research works of this type.

There are only a small number of studies in a similar vein in the current literature—
most research work is already based on the concept of homogeneous mixture combustion,
which allows significantly more efficient use of fuel, and it was not the authors’ aim to
compare emissions with this type of engine. Such engines are well described in [5], while
publications on engine emission tests, in which the combustion chamber of a used engine
dismantled from a Euro-3-compliant semi-truck was not interfered with and only the engine
feed system was optimized, were not found by the authors. It should be emphasized that
this type of modification is mainly carried out by Polish companies that are market leaders
with one of the largest production potentials in this field [6–9]. Modifications of this type
are currently very strongly developed in the authors’ country; however, there are a small
number of publications on the subject, so the authors undertook the task of investigating
an engine with this type of installation.

In one study [10], emissions were investigated for load characteristic test runs, which
cannot be compared with the results published in this article. Study [11] tested engines
from newer generation trucks in Steady-State SET Cycle tests, which is not equivalent to
the studies published within this article. Although when comparing the general trends
in emission changes the directions of changes are in line with the results of our study, the
lack of fundamental possibility to compare the values for different types of tests has been
proven many times, which was reminiscently examined and presented by Prof. Merkisz in
a recent publication [12].

In another study [13], emissions were investigated in a small diesel engine (historically
the smallest factory-produced diesel engine designed for cars), which cannot be compared
with an engine from a semi-truck. Similar research was also carried out on an older
engine [14], also manufactured in Poland. This research is also not equivalent to the
research carried out for this article. An even smaller engine was dealt with by researchers
in [15], in which emissions were examined in a cursory manner at several operating
points with which no meaningful comparison can be made. A similarly sized engine was
investigated by [16]. The commonness of research on engines of this type is due to the ease
of performing this type of research and the cost effectiveness of conducting this type of
research, hence the large number of university publications on small power engines. The
largest number of publications on the subject of dual-fuel engines have been presented by
Professors Rolf Reids [17] and Garcia [18], and all of their studies as mentioned when citing
publication [5] are on higher generation engines, which also makes it impossible to make a
clear reference. However, it should also be noted that the paper presents emission results
and describes the mechanism of formation and changes of emissions for the following
compounds that have not yet been described in the available literature: C2H4-ethene,
C2H6-ethane, C3H8-propane, NH3–ammonia, and CH2O-formaldehyde. From our point of
view, these are unique studies that have not been described in any of the available literature.

It Is also necessary to bear in mind the changes that occur in the engine systems during
the test, in which the flow rates may change, due to, for example, a reduction in the capacity
of the fuel or air filters [19], which has a significant impact on the engine performance and
may affect the differences between individual test runs, and which, due to the difficulty
in estimating changes in these values, are not corrected within the calculations for this
article [20].
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2. Materials and Methods

The degree of substitution/replacement of the base fuel with gaseous fuel can be
considered as a percentage degree or energy degree. In the study under consideration, the
replacement ratio for the dual-fuel engine was determined as a level ratio of high-octane
fuel consumed to the whole fuels used by the engine. This parameter was determined
based on Equation (1) [4]:

DIESEL
CNG

=
Gediesel − Gediesel_CNG

Gediesel
∗ 100% = 1 − Gediesel_CNG

Gediesel
∗ 100% (1)

where Gediesel is diesel fuel hourly engine consumption in kg at the time when engine is
running only on diesel, and Gediesel_CNG is diesel fuel hourly engine consumption in the
time when engine is running on both fuels, i.e., CNG and diesel fuel.

This is an effective way of illustrating how much liquid fuel is physically substi-
tuted by gaseous fuel, although it is also generally accepted to use the value of replace-
ment ratio calculated from the energy ratio of substituted fuels. This method is used by
other researchers [14,21–23], it is also defined by a contemporary standard [24], or book
publications [4,25]. It is advisable, however, to determine the value to which we refer in the
following part of the study as presented in Formula 1. In this way, we avoid the problem of
determining the exact calorific value of the gaseous fuel used. The fractional composition
of the gas on the Polish market, from which the fuel was obtained, can be very large, which
was already described in detail by the authors in their first joint publication [26]. The
assumption of certain rigid defined values could lead to significant cognitive errors, which
the authors tried to avoid.

As part of the study, when comparing the emission results of the individual harmful
components of exhaust gases, they were also compared to the emission standards currently
in force, as defined by regulations in force in the European Union [27,28] and those that are
being prepared for introduction as part of further regulations [27–29]. The current standard
and the scenarios for the standards to be introduced in the future are presented in Table 1.

Table 1. A tabular overview of the emission limits of the individual exhaust gas components for the
different Euro standards, with revisited emission limits according to the alternative scenarios for
Euro 7 [27–29].

Euro Scenarios
NOX

[mg/kWh]
SPN10

[-]
CO

[mg/kWh]
CH4

[mg/kWh]
N2O

[mg/kWh]
NH3

[mg/kWh]
THC

NMHC
[mg/kWh]

Euro 5 [27] 180 - 500 - - - 230-NOX 230-NOX

Euro 6 [28] 80 6 × 1011 500 - - - 170-NOX 170-NOX

Euro 7 A [29] 30 1011 300 10 10 5 55 50

Euro 7 B [29] 10 6 × 1010 100 5 5 2 30 25

Euro V [27] 2000 - 4000 1100 - - 1650 550

Euro VI [28] 460 6 × 1011 4000 500 - ~40 660 160

Euro VII A [29] 120 4 × 1011 1500 100 50 20 150 50

Euro VII B [29] 40 1011 400 50 25 10 75 25

The emission values specified in the emission standards for the Euro standards cannot
be directly related to the results that were achieved in this study, but they can be used for an
indicative comparison of the results achieved with the applicable standards. This is because
a different type of test is carried out to meet these standards (in this case, the WHTC—the
World Harmonized Transient Cycle test [30]), but there are areas of work included in the
tests that were also carried out for the present study [31].

The goal of our research was to determine in the experimental way the effect of
replacement ratio of diesel fuel by CNG, defined by Equation (1), on the emission of
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individual exhaust components, CO, NO, NO2, NOX CH4, C2H4, C2H6, C3H8, NH3, and
CH2O, in fixed operating states in an innovative, non-factory CNG/diesel dual-fuel supply
system in a used semi-truck unit engine

All tests were carried out with the semi-truck’s VOLVO FH13 D13C460 EU5EEV
(338 kW) engine. All-important information about the engine, test bench, and testing
parameters are described in our previous article [1].

“The tested engine, according to the approval documents, met the requirements of the
EURO V standard when it left the factory,” said authors in [32]. The tests and results of
useful engine measurements were brought down to normal conditions [33].

Methodology for Determining the Effect of the CNG/ON Substitution Factor on Engine Emission

Diesel fuel EN-590 from one production batch was used for the tests. Lack of reference
fuel according to document [34] allows the use of fuel similar to the reference fuel. There-
fore, determining the actual values of the engine operating characteristics (operation on
commercial fuel from a random petrol station) can be considered an advantage that makes
the research and results more realistic.

The tests were carried out on a properly and optimally tuned external natural gas
supply system. The power and torque characteristics of the engine in dual-fuel mode
largely coincided with the factory characteristics.

Flue gas temperature changes are shown in the test results as shown (Figures 1 and 2),
or the emission of individual gaseous components, i.e., CO (Figures 3 and 4), NO and NO2
(Figures 5–8), NOX (Figures 9 and 10), CH4 (Figures 11 and 12), C2H6 (Figures 13 and 14),
NMOC (Non-Methane Organic compounds on Figures 15 and 16), C2H4 (Figures 17 and 18),
NH3 (Figures 19 and 20), and CH2O (Figures 21 and 22). Every even chart number shows
percentage changes of the substance or group of substances measured. In order to simplify
the analysis and determine the changes taking place, the results are also presented by
comparing the relative results obtained for diesel oil/CNG and diesel fuel only (right side
of the figures). The following tests were carried out:

• For two values of load torque in a constant engine speed of 1100 rpm for approx.
520 Nm (61 kW), which was shown on charts as a curve “A”, and 1150 Nm (139 kW),
which was shown on charts as a curve “B”;

• For two values of load torque in a constant engine speed of 1300 rpm for approx.
480 Nm (67 kW), which was shown on charts as a curve “C”, and 980 Nm (134 kW),
which was showed on charts as a curve “D”;

• For two values of load torque in a constant engine speed of 1500 rpm, approx. 500 Nm
(79 kW), which was shown on charts as a curve “E”, and 1040 Nm (163 kW), which
was shown on charts as a curve “F”.

These are the conditions in which the engine most frequently operates, as identified
during road tests of the semi-truck from which the engine was derived. The operating
points correspond to the most operationally relevant operating areas of the engine modified
to run on dual fuel. The working points identified here were also consulted with and
accepted by the manufacturer involved in the production and further distribution of the
dual-fuel controller developed by our research team.
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Figure 1. Curves from A to F showing the exhaust gas temperatures for individual engine operating
points, where the rotation speed, power, and torque were constant, as a replacement function of
diesel fuel replaced by CNG.

 

Figure 2. Curves from A to F showing the changes in the exhaust gas temperatures as the comparison
of exhaust gas temperature noted only in single fuel (diesel) working mode for individual engine
operating points, where the rotation speed, power, and torque were constant, as a dual-fuel mode
(where engine uses CNG and diesel fuel) replacement function.
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Figure 3. Curves from A to F showing engine’s emission of CO (carbon monoxide) for individual
engine operating points, where the rotation speed, power, and torque were constant, as a replacement
function of diesel fuel replaced by CNG.

 

Figure 4. Emission changes of carbon monoxide in the exhaust gas for individual engine operating
points (rotation speed, torque) in comparison to point zero of replacing diesel/CNG as a function of
replacing diesel/CNG. Curves from A to F showing the changes of the emission of carbon monoxide
as the comparison of exhaust gas temperature noted only in single fuel (diesel) working mode for
individual engine operating points, where the rotation speed, power, and torque were constant, as a
dual fuel mode (where engine uses CNG and diesel fuel) replacement function.
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Figure 5. Curves from A to F showing engine’s emission of NO (nitric oxide), for individual engine
operating points, where the rotation speed, power, and torque were constant, as a replacement
function of diesel fuel replaced by CNG.

 

Figure 6. Curves from A to F showing the changes in the emission of nitric oxide as the comparison
of exhaust gas temperature noted only in single fuel (diesel) working mode for individual engine
operating points, where the rotation speed, power, and torque were constant, as a dual fuel mode
(where engine uses CNG and diesel fuel) replacement function.
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Figure 7. Curves from A to F showing engine’s emission of NO2 (nitrogen dioxide), for individual
engine operating points, where the rotation speed, power, and torque were constant, as a replacement
function of diesel fuel replaced by CNG.
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Figure 8. Curves from A to F showing the changes in the emission of nitrogen dioxide as the
comparison of exhaust gas temperature noted only in single fuel (diesel) working mode for individual
engine operating points, where the rotation speed, power, and torque were constant, as a dual-fuel
mode (where engine uses CNG and diesel fuel) replacement function.
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Figure 9. Curves from A to F showing engine’s emission of NOX (nitrogen oxides), for individual
engine operating points, where the rotation speed, power, and torque were constant, as a replacement
function of diesel fuel replaced by CNG.
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Figure 10. Curves from A to F showing the changes in the emission of nitrogen oxides as the
comparison of exhaust gas temperature noted only in single fuel (diesel) working mode for individual
engine operating points, where the rotation speed, power and torque were constant, as a dual-fuel
mode (where engine uses CNG and diesel fuel) replacement function.

 

Figure 11. Curves from A to F showing engine’s emission of CH4 (methane), for individual engine
operating points, where the rotation speed, power, and torque were constant, as a replacement
function of diesel fuel replaced by CNG.
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Figure 12. Curves from A to F showing the changes in the emission of methane as the comparison
of exhaust gas temperature noted only in single fuel (diesel) working mode for individual engine
operating points, where the rotation speed, power, and torque were constant, as a dual-fuel mode
(where engine uses CNG and diesel fuel) replacement function.

 

Figure 13. Curves from A to F showing the engine’s emission of C2H6 (ethane), for individual engine
operating points, where the rotation speed, power, and torque were constant, as a replacement
function of diesel fuel replaced by CNG.

187



Energies 2023, 16, 475

 

Figure 14. Curves from A to F showing the changes of the emission of ethene as the comparison
of exhaust gas temperature noted only in single fuel (diesel) working mode for individual engine
operating points, where the rotation speed, power, and torque were constant, as a dual-fuel mode
(where engine uses CNG and diesel fuel) replacement function.

 

Figure 15. Curves from A to F showing engine’s emission of NMOC (Non-Methane Organic Com-
pounds), for individual engine operating points, where the rotation speed, power, and torque were
constant, as a replacement function of diesel fuel replaced by CNG.
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Figure 16. Curves from A to F showing the changes in the emission of NMOC as the comparison
of exhaust gas temperature noted only in single fuel (diesel) working mode for individual engine
operating points, where the rotation speed, power, and torque were constant, as a dual-fuel mode
(where engine uses CNG and diesel fuel) replacement function.

 

Figure 17. Curves from A to F showing engine’s emission of C2H4 (ethene), for individual engine
operating points, where the rotation speed, power, and torque were constant, as a replacement
function of diesel fuel replaced by CNG.
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Figure 18. Curves from A to F showing the changes in the emission of ethene as the comparison
of exhaust gas temperature noted only in single fuel (diesel) working mode for individual engine
operating points, where the rotation speed, power, and torque were constant, as a dual-fuel mode
(where engine uses CNG and diesel fuel) replacement function.

 

Figure 19. Curves from A to F showing engine’s emission of NH3 (ammonia), for individual engine
operating points, where the rotation speed, power, and torque were constant, as a replacement
function of diesel fuel replaced by CNG.
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Figure 20. Curves from A to F showing the changes in the emission of ammonia as the comparison
of exhaust gas temperature noted only in single fuel (diesel) working mode for individual engine
operating points, where the rotation speed, power, and torque were constant, as a dual-fuel mode
(where engine uses CNG and diesel fuel) replacement function.

 

Figure 21. Curves from A to F showing engine’s emission of CH2O (formic formaldehyde), for
individual engine operating points, where the rotation speed, power, and torque were constant, as a
replacement function of diesel fuel replaced by CNG.
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Figure 22. Curves from A to F showing the changes in the emission of formic formaldehyde as the
comparison of exhaust gas temperature noted only in single fuel (diesel) working mode for individual
engine operating points, where the rotation speed, power, and torque were constant, as a dual-fuel
mode (where engine uses CNG and diesel fuel) replacement function.

Emissions of harmful exhaust constituents were calculated following EN ISO 8178-1 on
the measurement of exhaust emissions from piston engines [35]. Changes in emissions were
calculated as the ratio of the difference between the emissions of an engine operating in
dual-fuel (DF) mode at a given operating point and the emissions of that engine operating in
single-fuel (SF) mode at a given operating point to the emissions of that engine in single-fuel
(SF) mode at that operating point, expressed as a percentage, as in the following formula:

y =
(DF emission − SF emission)

SF emission
× 100% (2)

where DF emission is the emissions of an engine operating in dual-fuel mode at a given
point in its operation, and SF emission is the emissions of an engine operating in single-fuel
mode at a given point in its operation.

An innovative, dedicated, diesel/CNG EG Diesel DI supply system in software
version 1.7.2 was installed on a VOLVO D13C 460 semi truck’s engine.

Key features of this installation include:

- Two injectors working in parallel-supplying one cylinder, mounted in a transition
plate fitted between the head and the intake manifold;

- The operating pressure of the system: CNG-8 bar;
- Gas injection rail supply double-sided to avoid pressure drops;
- An achieved energy conversion rate of up to 95% for diesel/CNG, which is signifi-

cantly better than installations generally available on the market;
- The installation is dedicated to a specific engine family/brand, when changing engines,

it is re-optimized on a dynamometer bench;
- A bypass valve used in the intake system to regulate boost pressure when running on

CNG to avoid knocking combustion.
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It was possible to include the implementation of the following functions in the dedi-
cated software:

- Automatic changeover to dual-fuel operation when conditions are met—minimum
reducer temperature, minimum engine crankshaft speed, and others;

- Adaptation of the switching time from mono- to bi-fuel operation between cylinders
to maintain engine stability;

- Method of implementation of diesel to CNG changeover—fixed value or after map
shaft rpm/diesel dose;

- Minimum diesel pilot dose;
- Factor which changes the gas dosage relative to the calculated diesel dosage x;
- Reduction in the diesel dose in proportion to the preset replacement of diesel by CNG;
- Possibility to program any coefficient of substitution of diesel by CNG over the whole

field of work-speed-dose of basic fuel diesel;
- Possibility of programming any gas injection start angle in relation to GMP in the

whole working field-rotational-speed dose of the basic fuel, i.e., diesel;
- Correction of gas dose in relation to the pressure in the engine intake system and the

engine crankshaft speed—the function is necessary for the engine power correction-
after switching to diesel/CNG supply;

- Possibility of programming correction of the gas dosage in relation to the pressure in
the engine intake system and to the engine crankshaft speed—a function necessary
for correcting the engine power after switching to diesel/CNG supply;

- Throttle control using bypass over the entire operating field-speed-base fuel dose
diesel—after map or fixed value. This function is designed to reduce the pressure in
the intake system by bleeding some of the air into the intake pipe before the charge
air coolers.

The following optimization criteria, in order of importance, were adopted during the
optimization studies previously carried out for the individual control maps:

- No occurrence of detonation combustion during CNG fueling;
- Maximum diesel substitution by CNG;
- Obtaining the same useful power at a given accelerator pedal position and speed;
- Limitation of the increase in exhaust gas temperature at the turbocharger outlet;

To develop optimum control maps for the diesel/CNG system, control maps had to
be determined for the following controller functions:

- Function-> Gas inj. end moment, end of injection angle—depending on engine speed—
maximum engine power, and no knocking combustion were taken as criteria for the
optimal value of the end of injection angle;

- Diesel/CNG exchange/replacement ratio depending on engine speed with engine
load identified as diesel output dose—the maximum value of the aforementioned
ratio without the occurrence of knocking combustion was adopted as the criterion
for the optimal diesel/CNG exchange/replacement ratio depending on engine speed
and dose;

- Correction of the gas dosage in relation to boost pressure—the function allows the
generated power to be corrected after switching over to diesel/CNG. The correction
allows the gas dosage to be increased or decreased to obtain the same effective power
as diesel operation;

- DSC function RPM/DIESEL DOSE bypass throttle opening map as a function of shaft
speed and calculated ON dose as a criterion for optimum ON/CNG exchange/replacement
ratio, were adopted as functions of crankshaft speed and liquid fuel dose. The max-
imum value of the abovementioned ratio was adopted without the occurrence of
knocking combustion.

These maps were determined prior to the verification tests presented here.
Once the maps were determined for the individual controller parameters, they were en-

tered into the controller software—the controller was considered to be programmed optimally.
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3. Results

The obtained results of the tests and calculations are summarized graphically and
tabulated as a summary of the results. The following graphs show each component’s
emissions and the relative change in emissions. Results are presented for three engine
speeds, for each speed the engine was operated at low and high torque. The level of
replacement of diesel by CNG shown on the x-axis of the graphs was calculated according
to Formula (1).

As a result of our research, the emissions of individual harmful components of the
exhaust gas depending on fuel replacement ratio of diesel by CNG were calculated. Based
on these results, charts were developed showing the degree of increase or decrease in the
emissions of individual exhaust constituents for each degree of substitution of diesel fuel
by natural gas.

For the individual correlations of the fuel replacement ratio of diesel by natural gas
with the engine load and its rotational speed, abbreviated designations were adopted to
represent the given set of operating parameters maintained during the tests. This makes it
easier to describe and present the obtained test results. They are summarized in Table 2.

Table 2. The definitions of research parameters in engine tested phases.

Abbreviation Engine Torque ENGINE Speed
Lines on
Charts

[-] Assumption [kNm] Assumption [rpm] [Colors]

A Low 0.50 Low 1100

B High 1.15 Low 1100

C Low 0.50 Medium 1300

D High 1.00 Medium 1300

E Low 0.50 High 1500

F High 1.05 High 1500

The degree of substitution, for which the results of the emission of unwelcome com-
ponents of the exhaust gas were lowest, is presented in Table 3. Furthermore, the values
of the absolute change (increase or decrease) in the emission of a given component in
relation to its emission when running on diesel fuel have been presented using graphs, in
the same way as in the previous study by the authors [1], which facilitates a comparison of
the results obtained with the results of the concentrations of individual components of the
exhaust gases.

Table 3. The replacement of diesel/CNG setting with the lowest emission of harmful components.

Rotational Speed [RPM] Load [Nm]
CNG Replacement Setting [%] When There Is a Minimum Emission Share of:

CO NO NO2 NOX NH3 CH4 C2H6 NMOC C2H4 CH2O

1100
520 ON 83.22 ON 77.12 77.12 ON ON ON ON ON

1150 ON 45.05 ON 12.1 54.86 ON ON ON ON ON

1300
480 ON 90.68 ON 90.68 66.44 ON ON ON ON ON

980 ON 40.2 ON 40.20 68.38 ON ON ON ON ON

1500
500 ON 81.91 ON 81.91 73.37 ON ON ON ON ON

1040 ON 17.84 ON 27.49 66.08 ON 41.52 ON ON ON
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Figure 1 shows the temperature of the engine exhaust gas, while the following dia-
grams illustrate the emission of unwanted exhaust gases elements and their changes at
individual points of engine operation.

Figure 1 shows the effect of the diesel/CNG exchange ratio for six engine operating
states with constant engine parameters differing in speed and load on the turbocharger
output exhaust gas temperature. The graph illustrating the course of the exhaust gas
temperature of the tested engine was already presented in the previous publication of the
series [1]; however, it is important for the subsequent analysis of the test results, where
the exhaust gas temperature has a significant impact on the course of combustion and
the possibility of the occurrence of certain chemical reactions affecting the final emission
of individual harmful components from the exhaust gas. The exhaust gas temperatures
in the individual runs are directly correlated with the load under which the engine was
operating—runs A, C, and E, for which the engine load was lower, also had an exhaust gas
temperature slightly lower than in the case of runs B, D, and F, in which the load was more
than twice as high. A clear increase in the absolute value of the exhaust gas temperatures
in the diesel/CNG replacement coefficient of about 50–60 ◦C at the final point is visible.
The changes in exhaust gas temperature can be seen in both Figure 1 and the following
Figure 2, which show the relative values of the temperature changes. In the same way, the
two graphs will show the emission levels of the harmful components of the exhaust gas,
and the levels of change in emissions of the harmful components of the exhaust gas.

The temperatures in all runs increased with natural gas replacing diesel. According
to the theory in [36], in a dual-fuel engine fueled with natural gas and diesel, the exhaust
gas temperature should decrease. In the case of the tests carried out, the temperature
rises, which is indicative of an insufficient homogeneous mixing of natural gas and air
and the problem of post-combustion vaporization in the later phase of combustion due
to insufficient areas in which the air required to burn the fuel was not available. Such
poor areas are caused by a change in the way that additional fuel is burned, and this
was thoroughly described in previous work by the authors [1]. It is also worth noting
that the temperature changes are most pronounced at the lowest values of diesel-to-CNG
substitution and the highest values of diesel-to-CNG substitution. This may be indicative
of the extreme changes that occur in the engine in these cases, as at low replacement values
these are changes from single-fuel to dual-fuel operation, and at high replacement values
(runs B, C, E), the limit of knocking combustion may already appear, indicating extreme
utilization of the amount of CNG that can be used. Figure 2 shows the relative changes in
exhaust gas temperature calculated related to the exhaust gas temperature achieved with
diesel combustion, according to [37] in reference to the Kelvin temperature scale.

Figure 2 shows the relative temperature changes, which clearly show an upward
trend in temperature increments relative to the reference temperature reached, when the
engine is fueled with diesel, as the degree of substitution of diesel for natural gas increases.
This trend holds for all test runs—there are temporary drops at individual points, but the
overall upward trend in temperature rise is visible. Irrespective of the temporary changes
in exhaust gas temperature increases, the exhaust gas temperature invariably rises at all
operating points relative to the exhaust gas temperatures of the single-fuel-powered engine,
with the lowest increase achieved in run E being just over 2%. The highest temperature
increase was recorded for test run C where it exceeded 10%. It is worth noting that this
highest recorded increase was achieved with the highest degree of substitution achieved in
the entire test run of over 90%. This demonstrates the clear, direct influence of the degree
of diesel/CNG substitution on the combustion temperature in the combustion chamber.

Figure 3 shows that the CO emissions have a very strong upward trend for one of
the engine modes (A) in which the increase already occurs sharply for the first point with
the smallest substitution of diesel for natural gas. At this load (low load of 0.5 kNm) and
speed (low revs, 1100 rpm), CO emissions were already noticeably higher at the lowest
applied CNG dose to the engine. These values deviate significantly from the emission
values for the other phases of engine operation, which may be indicative of serious fuel
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combustion problems in this area of engine operation. High CO emissions may be indicative
of incomplete combustion of both diesel and CNG. This problem did not arise for any
of the other test runs, and although run F is also characterized by noticeably higher CO
emissions, all runs apart from a test run A are characterized by values so small that their
cross-characterization misses the point, as the values are within the measurement error.
These are operating modes with extremely opposite test assumptions, where for run A
the speed and load were set to the lowest of the accepted values, while for run F the
load and engine speed was set to the highest. It is therefore difficult to find a correlation
between the two runs, but it can certainly be assumed that fuel combustion was incomplete
in both cases, and this is a problem for this type of engine, which should meet modern
emission standards.

The emission limit for CO in Euro VI is set at 4000 mg/kWh, while for Euro VII it is
1500, or 400 mg/kWh, respectively. This is well illustrated by the fact that for five out of
the six test tests carried out, the recorded emissions are clearly below the Euro VI limit,
and the more liberal Euro VII scenario. The problem, however, is the emissions for test A
where there was a clear deterioration in combustion quality, significantly exceeding any
acceptable emissions standard. This mileage (A) would not meet either the newer Euro VII
or Euro VI emission standards, nor the Euro V emission standard to which the test engine
was factory operated. This demonstrates the significant deterioration in combustion quality
in this test run.

One important factor contributing to the increase in CO emissions is the low boost
pressure associated with the low amount of exhaust gas generated. The low charge pressure
does not favor adequate mixing of air and fuel, which promotes the post-mix in the cylinders
with a spatially varying excess air ratio, which is an important factor affecting the creation
of both CO and unburned HC.

Although Figure 4 shows that only sample run A appears to show a strong increase
in CO emissions with increasing substitution of diesel by CNG, it is clear from Figure 5
that the increases are quite intense for most of the runs that were tested. It can be shown
that runs B and D, generated at high engine load, are characterized by a greater increase
in CO emissions with low substitution of diesel by CNG and a negligible further increase
with higher substitution of diesel by CNG. The waveforms A and F, described in Figure 5
as having the highest CO emissions, after a very strong increase in emissions at low
diesel substitution by CNG hardly increase any further when diesel substitution by CNG is
increased above a value of 40%. The strongest increases in CO emissions were characterized
by runs C and E, in which the strongest increase occurs in the range of diesel substitution
by CNG from 30% to 40%. An important difference for these two runs is also that the most
intense increases at high levels of diesel substitution by CNG are followed by an even
more intense decrease in CO emissions above 50% liquid-fuel substitution. This indicates a
significant deterioration in combustion quality at certain values of diesel substitution by
CNG in certain areas of engine operation. This may be primarily due to the poor mixing of
gaseous fuel with air and a failure to adapt the shape of the combustion chamber to the
new engine operating conditions. It is worth noting that the increases for all ratios are high
and range from several hundred to several thousand percent. The theoretical assumptions
that describe dual-fuel engines present these engines as more efficient, cleaner, and more
economical than classic CI engines, so the research carried out here clearly shows that this
depends on other factors and will not always be true.

Figure 5 shows that NO emissions decrease in all test runs for most areas of operation,
but these are not large decreases, and for some runs, after small decreases, above certain
replacement values they start to increase. For runs B and D, the limit is the replacement of
diesel by CNG at around 40%, while for run F the limit is already 20% fuel replacement.

NO emissions assimilated to NOX emissions allowed under Euro VI or Euro VII
standards exceed the permissible standards many times over. The limit for Euro VI is
460 mg/kWh, while for Euro VII it is 120 and 400 mg/kWh. Within the limits of the Euro
VI emission standard, the engine was operating at high levels of diesel substitution by
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CNG (above 60%) for runs C and E, where the engine load was low, but this was not a
condition that allowed NO emissions to be reduced; as for run A, the NO emissions were
cumulatively one of the two highest of all runs. The NO emission levels for four of the six
test runs would allow the engine to meet the Euro V emission standard for which it was
factory prepared. The emission limit for NO and NO2 is 2000 mg/kWh in this standard,
and was exceeded in two test runs, A and F, where the emissions were significantly higher;
however, it is worth noting that this engine would also not have met the Euro V standard
when running on diesel, and the emissions when running on diesel for run A were twice as
high as that allowed by the standard. The decreasing trend in NO emissions with increasing
substitution of diesel by natural gas is indicative of a trend towards potentially meeting
the emissions standard that a depleted engine converted to dual fuel would no longer
meet (in the case of mileage A, this could even be achieved with substitutions over 60%).
This shows that simply converting a depleted diesel engine to run on CNG/diesel oil
bi-fuel does not easily meet the newer emission standards, but may allow emissions of
harmful exhaust constituents to return to the emission standard in force at the date of the
engine’s manufacture.

Figure 6 shows that increases in NO emissions only occurred in three cases for higher
degrees of diesel substitution by CNG. This is the case for runs B, D, and F, and these
are runs where the engine was running at a higher load. These increases follow earlier
decreases and are small, starting above 40% CNG replacement of diesel. In contrast, test
runs A, C, and E, in which the engine was under low load, are characterized by a continuous
decrease of an approximately linear nature as the degree level of diesel replacement by
natural gas increases.

These results do not show similarities with the temperature of the exhaust gases,
local combustions with a higher temperature than the background could raise the average
temperatures. This problem was described in previous work by the authors [1]. It is worth
noting, however, that at lower engine loads, an increase in the proportion of CNG in the
fuel supplied to the engine contributes to lower NO emissions, which may be related to
the fact that the combustion temperature is lower the higher the CNG content is, and
the combustion run itself is smoother. Increases in mileage B, D, and F where the engine
load is high may be precisely due to the less stable combustion course. Decreases in NO
concentration, on the other hand, most likely result from a reduced availability of methane
used by the engine. There is a reverse correlation where there is an increase in the degree
of fuel exchange and a decrease in the value of the excess air coefficient [38].

Figure 7 shows NO2 emissions. The emissions of NO2 for all test run increase steadily
with an increasing substitution of diesel for CNG. The emission level for all runs starts
from a similar level which corresponds to the emission level for an engine running only
on diesel and is roughly similar. It then increases steeply for all runs to stabilize at around
0.3 g/kWh for two runs (B and D) with substitution values greater than 20%, and for the
remaining runs the emissions increase further. The strongest increase can be observed,
especially for high substitution rates of more than 60% for run A, where emissions exceed
2.5 g/kWh for the highest CNG/diesel substitution rate examined. The other runs at
substitution rates above 40% stabilize at around 1 g/kWh, indicating an approximately
similar combustion pattern for the three runs. Changes in NO2 emissions are correlated
with changes in exhaust gas temperature. An increase in flue gas temperature (Figure 2)
results in an increase in NO2 concentration in the flue gas [39].

The NO2 emissions assimilated to the NOX emissions allowed under the Euro VI
or Euro VII standards exceed the permissible standards many times over. The limit for
Euro VI is 460 mg/kWh, while for Euro VII it is 120 and 400 mg/kWh, and it is clear that
these standards can only be met by this engine when running on pure diesel in mono-fuel
mode. Once dual fuel is introduced, NO2 emissions increase so strongly that it becomes
impossible to meet today’s emission standards. The Euro V NOX emission limit would
allow the achieved emission levels for five of the six test runs, in which NO2 emissions
did not exceed 1.5 g/kWh and the limit was set at 2000 mg/kWh (NO + NO2). Run
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A, when substituting close to, and exceeding, 80% natural gas for diesel, exceeded the
2 g/kWh emission level which would disqualify this run from being able to meet the Euro
V standard.

Figure 8 shows that the increase in NO2 emissions is most clearly visible, as in Figure 7,
which shows that run A, where the increase is the most intense and, with the highest
degree of substitution of diesel by CNG, reaches more than 4500% relative to the emission
values of the diesel-only engine. All of the sample runs visible in the graph illustrate
increases at levels of several hundred to several thousand percent, which is high. However,
Figure 8 shows that the correlation between lines B, D, and F is more apparent, where
the emission increases are linear with a small incremental increase in emission increases.
These waveforms were produced when the engine was operated at a higher load, which
may indicate a similar pattern of phenomena for these tests, and it is worth noting that
for these waveforms the NO emission increases as higher replacement of diesel fuel with
natural gasare growing even stronger. The differences between NO and NO2 emissions
may be due to the way in which these substances are formed. This has already been
described previously in our study [1], where intensive growth with an initial small degree
of replacement was noticed. Authors from [40,41] clearly described the mechanism of NO2
formation in an internal combustion (IC) engine.

NOX emissions represent the sum of NO and NO2 emissions. For both of these
components, the opposite correlation was shown to increase as a function of engine load
during the tests. Figure 9 shows that the summed emissions of both these components
assume a linear character, confirming previous observations regarding this correlation
between both components. For runs B, D, and F, in which the engine load is higher, NO
emissions increased more intensively than for NO2 in Figure 10, showing that the absolute
values of NOX emissions are linear with little variation but take on varying emission values.
It is noticeable that the emission values increase slightly in these runs for diesel substitution
by CNG exceeding 40%, and this can also be seen in Figure 10. In contrast, for runs A,
C, and E, a slight decrease in NOX emissions can be seen as the degree level of diesel
substitution by CNG increases, which can also be seen in the runs of Figure 10.

NOX emissions in dual-fuel operations are no longer as fundamentally different from
NOX emissions for single-fuel operations as they are for NO2 emissions. This is due
to the much higher proportion of total NO in NOx than NO2, the amount of which is
proportionally lower.

Figure 10 shows that the changes in the NOX emission values, although clearly visible,
are in a very small range of a few tens of percent at most. This is due to the correlation
between NO and NO2 emissions described earlier and the fact that NO share of NOX
emissions proportion is a much higher than NO2 and changes with increasing substitution
of diesel by CNG also reached a maximum of a few tens of percent.

NO2 emissions, compared to NOX emissions, allowed the limit to be exceeded many
times over, under Euro VI or Euro VII standards. The limit for Euro VI is 460 mg/kWh,
while for Euro VII it is 120 and 400 mg/kWh. It is therefore clear that these emission levels
were not achieved during this test. This is not due to the specific operation of the engine in
dual-fuel mode per se, as the NOX emission levels in single-fuel and dual-fuel operations
were similar, but rather due to the mileage and factory preparation of the engine used
in the tests to meet the respective emission standard. This is because the engine had to
comply with the Euro V emission standard, in which the NOX emission limit was set at
2 g/kWh [22]. This limit was exceeded for half of the tests prepared for this paper, which
may indicate the technical condition of the tested engine.

Figure 11 shows that CH4 emissions, as the degree of substitution of diesel by CNG
increases, also increase steadily for all engine loads and speeds. The increase in emissions is
directly due to the increase in methane present in the combustion chamber and is produced
by not burning all of the fuel supplied to the engine. Emission levels vary from one engine
run to the next, and it is characteristic that for two runs (B and D), the emission levels and
their variation are virtually identical, and this is the lowest emission level achieved in this
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study—not exceeding 2 g/kWh. The other trials reached levels of several g/kWh and, in
the case of run F, close to 25 g/kWh.

The CH4 emission limit for the Euro VII scenarios is 100 and 50 mg/kWh, respectively;
for Euro VI, it was defined at 500 mg/kWh, but only for HDVs, as CH4 emissions for LFVs
were included in the total THC emissions and were not independently measured. However,
the impact of CH4 on the climate and the increasing use of natural gas in motor vehicles has
resulted in CH4 emissions becoming an important test point and being included in today’s
emissions standards. In the case of the tests carried out, however, it is clear that the Euro
VI emission limits can only be met at very low exchange rates and only in two of the tests,
while in the four other tests (A, C, E, and F) CH4 emissions already rise above the limit
value allowed by the standard at the lowest exchange rates. The Euro VII standard could
not be met for any of the dual-fuel engine operating points; however, the engine running
only on diesel met the Euro VII emission standard predicted in the scenarios. The Euro V
standard was also not met in any of the test runs. The only operating points at which the
Euro V CH4 emission limit was not exceeded concern engine operation in test runs B and
D with a maximum of 40% substitution of diesel by CNG.

Figure 12 shows that the changes in CH4 emissions are roughly directly proportional
to the amount of methane entering the combustion chamber systematically, but for some
runs, the increase is more intense than for others. Runs B and D have the smoothest increase
in CH4 emissions, indicating a more complete combustion of the CNG supplied to the
engine than for the other runs. The most intensive increase is seen for runs A, E, and F, but
it is difficult to find a definite link between these relationships.

To reduce CH4 emissions in dual-fuel engines, it is necessary to use a suitable com-
bustion chamber and to prepare the mixture in such a way that as much fuel as possible
is combusted.

Figure 13 shows that ethane emissions are a harmful component of the exhaust gas
resulting from incomplete combustion of the fuel supplied to the engine—in this case,
mostly from the heavy hydrocarbons contained in diesel fuel. Although its formation
from unburned methane is not the main source of emissions (although CNG fuel may also
contain some ethane) its emissions increase systematically for most tests as the degree level
of substitution of diesel fuel by gaseous fuel increases. For run F, its emissions rise to the
highest values, exceeding 2 g/kWh with a fuel change rate of more than 80%. For runs B
and D, the increase in emissions was lowest and did not exceed 0.3 g/kWh. It is worth
noting that minimal increases in CH4 were recorded for the same runs. This means that
for these engine operating areas, both fuels were burned more completely than for the
other runs.

The allowable emission of this component is not precisely defined by the standard, as
it is included in the total hydrocarbon emissions (THC), or the total hydrocarbon emissions
group excluding CH4–NMHC (Non-Methane Hydro Carbons). When comparing the C2H4
emission results obtained with this group, the emission limit values should be set at 50 and
25 mg/kWh for the Euro VII and 160 mg/kWh for the Euro VI emission standard scenarios,
respectively. This engine can only comply with Euro VI with the mono-fuel operation
because when a second fuel is added to the combustion chamber, the C2H6 emissions
already increase sufficiently with small additions of C2H6 to not exceed the emission limits
allowed by the current standards. Even the Euro V standard, for which the engine is
homologized, could only be met with two test runs (B and D). In the other runs, only test
run F met the Euro V emission standard for most of the operating points tested, exceeding
it only at the maximum degree of substitution achieved in this test run.

Figure 14 shows the increases in C2H6 emissions range from several hundred to several
thousand percent, which is a strong increase. It is worth noting, however, that for some
runs the value of C2H6 emissions, after an initial increase, then decreases, which may be
indicative of the inadequacy of both the combustion chamber shape and the matching
of the correct ratio of oil used to natural gas supplied, as there may be areas inside the
combustion chamber in which the amount of oxygen available for the combustion process
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is less than necessary for the proper combustion of the injected liquid fuel, leading to the
formation of unburned hydrocarbons, such as C2H6.

The waveforms in which decreases in C2H6 emissions are observed as the amount of
diesel replaced by natural gas increases are waveforms C and F, which were not correlated
with each other under the research assumptions. The lowest increases were observed for
run B, but it is difficult to find a noticeable correlation with the individual test samples.

NMOC (Non-Methane Organic Compounds) emissions are a key parameter charac-
terizing the quantity of unburned hydrocarbons in the exhaust gas, excluding methane
emissions, which would be overwhelmed by the use of a gaseous fuel, such as CNG.
Figure 15 shows the emission of it. From the NMOC values it is possible to read, above
all, the number of unburned particles of the base fuel, diesel. The main component of
the measured NMOC emission values was propane and the heavier hydrocarbons that
are produced by the incomplete combustion of diesel fuel. Propane emissions will not be
presented directly, as they are included in NMOC emissions as one of the key components,
and the other hydrocarbons included in NMOC emissions are presented in the other graphs
of this article. NMOC emissions increase as the replacement rate of diesel to CNG increases.
Emissions of this group of compounds are related to unburned compounds contained in
diesel fuel. Natural gas may contain traces of propane and other heavy hydrocarbons, but
the amount is negligible and depends on the chemical composition of the CNG used. Its
emission is mainly related with uncombusted, to all the diesel fuel. The level of emissions
varies widely from trial to trial, but in all cases increases with increasing substitution of
diesel by CNG. For runs B and D, emissions ranged from 0.1 g/kWh to 0.6 g/kWh. In
runs C, E, and F, emissions were less than 2 g/kWh, while in run F, emissions were already
noticeably higher than in the previous five runs, with emissions reaching over 3 g/kWh. It
is worth noting that NMOC emissions in run F were significantly higher than in the other
tests, even when running on mono-fuel with diesel only, at 0.4 g/kWh, which is higher
than the NMOC emissions from low levels of diesel substitution with natural gas in runs B
and D.

The emission limit for NMOCs is not strictly defined in the emission standards, but
they belong to an emission group referred to as non-methane hydrocarbons(NMHC) in
which there are no methane emissions included. Their permissible emissions are also
not defined for modern emission standards, so in order to compare the emission results
achieved, reference can only be made to the NMHC emission limits contained in Euro
VI and Euro VII of 160, 50, and 25 mg/kWh, respectively. These limits, corresponding
to Euro VI, could only be met with single-fuel diesel for test runs B, C, D, and F. In the
case of two runs (B and D), the engine would have met the Euro V emission standard, to
which it was factory-adapted, only because tests were not continued for higher degrees of
diesel substitution with natural gas. The other runs only met the Euro V standard with the
mono-fuel operation. The Euro VII standard predicted by scenarios A and B would not
have been met by the engine at any of the test points.

Figure 16 shows the trends in NMOC emission changes for all samples and are high,
ranging from a few hundred to tens to over a thousand percent. Three groups of emission
increases can be distinguished. The smallest increases can be observed for samples A and B,
while the largest is for sample C. Runs A and B are jointly characterized by engine operation
at the lowest of the tested speeds. The other runs are no longer correlated with each other,
and it is difficult to find a common characteristic causing such increases in emissions.

The increase in NMOC emissions is due, as in the case of C2H6 increases, to unburned
hydrocarbons remaining in the combustion chamber after combustion from the high re-
active fuel injected into the combustion chamber. However, the increases in NMOCs are
even higher than those of C2H6. This may support the thesis that there is too little oxygen
available in the combustion chamber where natural gas is located where air should be the
primary air in the engine. The combustion of organic hydrocarbon compounds requires
more oxygen AND energy than CH4 and C2H6 alone, which therefore may result in the
much higher increase in emissions of this group of substances in the exhaust gases. Another
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reason is that C3H8, which is the main component of measured NMOC emissions, is a more
complex hydrocarbon than C2H4, so there is more of it in diesel fuel, whose composition is
based primarily on heavy hydrocarbons.

Ethene–C2H4-is an unsaturated hydrocarbon, it is the simplest alkene—an organic
chemical compound. Its emissions are related to the chemical transformations taking place
in the combustion chamber. Figure 17 shows the emission of it. Ethane emissions increase
as the substitution of diesel fuel for CNG increases, and their pattern is similar to that of
propane emissions. During the B and D test runs, emissions were lowest—virtually the
same as for propane emissions. These emissions did not exceed 0.05 g/kWh. Emissions for
runs C and E increased more and reached almost 0.2 g/kWh at extreme operating points.
Sample runs A and F grew significantly faster and reached the highest values—in the case
of run A, over 0.5 g/kWh.

Emission limit values for ethene are not specified directly in the standards, but for
hydrocarbon substances that are not methane or ethane the emission limit value can be
compared to the NMNEHC emission limit value. For the standards currently in use, the
NMHC emission limit value is known to be 160 mg/kWh for Euro VI, and 50 mg/kWh
and 25 mg/kWh, respectively, for both Euro VII scenarios. The emission limit values
for Euro VII scenario A and Euro VI are higher than those for B and D runs. The Euro
VI emission limit is also higher than the maximum emission values recorded in sample
run C. However, the remaining runs exceed the Euro VI and Euro VII emission limits.
This indicates that the emissions of this harmful exhaust constituent are too high for the
conversion of this engine to be considered sufficient to improve the quality of the harmful
exhaust constituent emissions. It should also be remembered that the NMHC emission
limit applies to emissions of all hydrocarbons in the exhaust gas except methane, and the
ethene described here is only one of many that were emitted by this engine. In the case of
run A, for the highest values of diesel substitution by CNG, even the Euro V standard for
which the engine was factory prepared was exceeded at the operating points, but it should
be remembered that an exhaust gas catalytic converter was not used in the tests.

Figure 18 shows the ethene emission changes. The variations in ethene emissions are
highly variable, ranging from tens to many thousands of percent. Such large variations
are indicative of widely varying combustion chamber conditions at different points in the
engine’s operation. Low oxygen availability in the combustion chamber can result in com-
bustion residues remaining in the form of hydrocarbon bonds from unburned fuels—both
diesel and CNG. Alkenes can also appear in exhaust gas as a result of chemical transforma-
tions occurring during the combustion of both fuels. The course of these transformations
depends on many factors, the occurrence of which is difficult to assess based on the results
obtained. However, when analyzing the results for ethene, it should be taken into account
that the high variability in emissions is due to the fact that ethene emissions are very low
when running on diesel.

However, in some runs (C and E), ethene emissions in the highest fuel changeover
ranges start to decrease as the diesel-to-CNG changeover ratio increases, and in the case of
run C, to an even level lower than at the previous two operating points. This may indicate
not so much an improvement in the conditions for efficient combustion of the fuels used,
but the non-existence of conditions for the conversion of more complex hydrocarbons into
simpler hydrocarbons, such as ethene, while the systematic increase in the growth of ethene
emissions indicates a deterioration in the quality of combustion and the entry into the
exhaust gas of increasing amounts of unburned simple hydrocarbons.

Figure 19 shows that ammonia emissions decreased with increasing substitution of
diesel by CNG for all test runs. For the four runs (C, D, E, and F), the absolute value of
ammonia emissions did not change noticeably, but for emissions in trials A and B, the
changes were noticeably higher, reaching 0.3 g/kWh absolute difference. The maximum
emission values always occurred when the engine was mono fueled with diesel only, and
their reduction through the use of natural gas is an interesting phenomenon that also
coincides with the observations presented in the study in [1]. Ammonia emissions usually
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result from engine operation on stoichiometric or close to stoichiometric parameters of
combustion [42]. In the case of our study, the opposite phenomenon occurs here, in which
ammonia emissions decrease as the replacement of diesel by CNG increases. It is important
to note that ammonia emissions are highest in runs A and B with the lowest engine speed.
It is therefore possible to assume a thesis in which an increase in engine load by increasing
engine speed induces a decrease in ammonia emissions.

The emission standards used today assume an acceptable limit for ammonia emissions.
In the case of scenarios prepared for Euro VII, they assume a maximum permissible
emission value of 20 mg/kWh and 10 mg/kWh. For Euro VI, it is around 40 mg/kWh
(approximate, calculated value). It is therefore easy to see that, in the case of the engine
tests, out of the six tests carried out, only four would meet the potentially acceptable Euro
VI emission standards, while Euro VII in the scenario allowing maximum emissions of
10 mg/kWh would only be met by half of the tests (C, D, and E). The Euro V standard did
not include a reduction in NH3 emissions.

Figure 20 shows emission changes of ammonia, on which all test trials showed strong
decreases in ammonia emissions with increasing substitution of diesel for natural gas. In
the case of trials C, E, and F, there are isolated increases in emissions for the operating
points preceding the operating point to which we refer. These increases are not high and are
rather due to measurement uncertainties and changes associated with changes in emissions
of other combustion substances and the average trend for all test runs.

This is because ammonia emissions are largely due to the occurrence of other sub-
stances in the combustion process, which in further chemical transformations result in the
formation of ammonia and its persistence in the final flue gas composition. Its emission
is therefore highly dependent on the emission of other substances, as described in the
study [1]. To understand the processes that took place in the engine in this case, it would be
important to find out about hydrogen and water emissions, which requires further study.

Figure 21 shows that formaldehyde emissions increase with increasing substitution of
diesel by CNG. A correlation can be seen between formaldehyde emissions and those of
other substances, the emission curves of which follow a very similar pattern. As in the case
of hydrocarbon emissions, runs B and D increase slowly and reach low values of no more
than 0.1 g/kWh, runs C and E reach higher values of no more than 0.5 g/kWh, while runs
A and F reach the highest increases of up to 1.4 g/kWh. A correlation can be seen here with
the emissions of hydrocarbons, such as ethene and butane.

Formaldehyde is formed during the incomplete combustion of substances containing
the element carbon. Emissions are favored by elevated temperatures and high humidity. In
the reaction of the oxidation process, formaldehyde is formed where the flame temperature
has been reduced below 1000 K that could appear at the end of the combustion process
or in the combustion chamber wall areas. This is when CH2O as a combustion interme-
diate does not have sufficient energy to be converted into CO2. In gas engines, several
sources can be assumed to be responsible for the formation of formaldehyde [43]. The
first is the inhomogeneity of the fuel–air mixture in the engine cylinder. This can result
in the formation of zones with a λ-factor causing under-firing of the gaseous fuel and the
formation of formaldehyde molecules. The second source is the walls of the combustion
chamber, which reduce the combustion temperature in their vicinity by receiving heat.
A similar effect is obtained in the case of the volumes between the piston and cylinder
walls (crevice effect) where, due to the small distance between these surfaces, the flame
is extinguished. Formaldehyde emissions are also significantly affected by the increase
in temperature and pressure during the compression stroke, which can reach values that
favor CH2O formation.

Modern emission standards for harmful exhaust components do not limit the emission
limits for formaldehyde. It can be compared similarly to how butane emissions were
compared to the NMHC limit value. Somewhat similar to that case, only two test trials
would meet any modern emission standards, and, in this case, they would only meet the
Euro VI standard. For two of the six tests (A and F), not even the Euro V standard to which
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the test engine was adapted would be met; however, the tests did not take into account the
catalytic reactor.

Figure 12 shows changes in formaldehyde emissions range from several hundred to
several thousand percent. With an increase in the exchange of diesel to CNG, emissions
increase in all runs, and they increase for most runs, except for runs C and E in which, for
higher exchange values (from 70% diesel to CNG exchange and above), emission increases
are already smaller than at previous engine operating points. The smallest changes were
found for test runs A and B, i.e., for tests in which the engine speed was lowest. The largest
emission changes occurred in runs C and E, and average changes (reaching 6000%) in D
and F.

Summary of the Results

All emissions measured in test trials where diesel is substituted to any extent by CNG
have changed relative to the single-fuel diesel-only engine. Some of these changes were
large and had an impact on the potential failure of the dual-fuel engine to meet modern
emission standards, and in some cases, the emissions changed to an extent that did not
change the range of permissible emission standards under which the engine operated. A
summary of the most significant changes and meeting acceptable emission standards is
provided below.

• Summarizing all the above, the following analysis of the obtained results can be
carried out: Studies that have been carried out indicate that emissions of certain
harmful exhaust components must be reduced. Their emissions have increased too
much, and the values must be corrected if the engine is to be used today.

• CO emissions at one run are much higher than the other runs.
• NOX emissions, including both NO and NO2 in some test runs, increase with the

degree of diesel replacement with CNG, and decrease in others.

The overall emissions of this substance did not change significantly, affecting the ability of
the test engine to meet modern emission standards. From the theoretical assumptions [44–46],
NOX emissions should be decreasing—however, this is only the advantage of the RCCI
engine. At the same time, these emissions have not increased significantly.

In the analysis [1], a table summarizing the results was presented. The same operation
but with the lowest emission level was carried out and is shown in Table 3 below:

The results presented in Table 3 clearly show in which areas the engine converted to
bi-fuel did not reduce emissions of harmful exhaust components. Evident deficiencies in
any emission reductions for certain substances include CO, NO2, CH4, C2H4, and CH2O.
Decreases recorded only for post-single runs (a correlation with the high engine speed used
is noticeable here) were recorded for C2H6 for a test run E. For two substances and one
substance group (NO + NO2), decreases were recorded for all test runs in which the lowest
emissions were most often (more than 2/3 of cases) achieved at higher (more than 50%)
substitution rates. These substances were NO, NH3, and a group of compounds: NOX. In
the Section 4, a discussion is held on the results obtained as seen in Table 3.

4. Discussion

The emission standards that the motor industry is trying to introduce today are very
strict. To meet them, engines that have already been manufactured and adapted to meet the
older emission standards are trying to use procedures such as the use of alternative fuels,
or the addition of a second fuel to an existing fuel system. Such conversions are becoming
increasingly popular, but as can be seen from the research carried out for this article, simply
replacing part of the high cetane fuel with CNG does not allow the vehicle to meet the
newer emission standards.

The appearance of higher unburned hydrocarbon emissions proved to be a major
problem. This was to be expected, due to the unpreparedness of the combustion chamber for
the stoichiometric gaseous fuel supplied and the lack of a catalytic reactor in the system from
which the exhaust gases were drawn. As their emissions increase, they can be dealt with by
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carrying out ground-truthing changes to the design of the combustion chamber and the way
fuel is delivered to the combustion chamber. Hydrocarbon emissions are also efficiently
corrected by a catalytic reactor, which can post-combust unburned hydrocarbons. A more
significant problem in meeting today’s emission standards is nitrogen oxide emissions. The
scenarios envisaged for Euro VII are very restrictive in this respect, as illustrated by the
graph below showing the average contemporary NOX emission levels in the RDE test trials
as a function of the speed of the vehicle under test and the limits to be imposed in the latest
standard (red lines).

As can be seen, Figure 23, based on work from [47] shows that the anticipated limita-
tions of the Euro VII standard are very difficult to meet, even for contemporary engines.
Several studies [48–51] predict the possibility of meeting the new standards through the
use of dual-fuel natural gas in engines. In the case of the engine used in this study, no
noticeable changes in NOX emissions could be made. This indicates, as in the case of the
increase in hydrocarbon emissions, a mismatch between the combustion chamber and the
conditions required for the efficient combustion of natural gas.

 

Figure 23. Predicted reductions in toxic exhaust emissions according to alternative scenarios projected
for Euro 7, based on charts from [47].

On the other hand, it may also indicate a real problem with the ability to reduce
emissions of this substance, which may negate the possibility of reducing nitrogen oxide
emissions with this method. However, this requires, in the authors’ opinion, more tests
preferably using a different engine and types of gas installations adapted for the engine
under study.

The summary quoted in Table 3 clearly shows the deterioration of engine performance
in the area of harmful hydrocarbon emissions, which arise in the case of incomplete
combustion of the used fuels. This issue is most easily addressed by the use of a catalytic
reactor in the exhaust system to post-combust these substances, of which the largest
increases in emissions are related to methane. The remaining hydrocarbon compounds
appearing in the exhaust gas are indicative of a deterioration in the quality of combustion
processes, which points to the need to modify the shape of the combustion chamber in
the future. Adapting the combustion chamber to run on two fuels will be necessary to
reduce unburned hydrocarbon emissions without the use of a catalytic reactor and thereby
improve the thermal efficiency of this engine. Additional evidence of the deterioration in
combustion quality is the increase in CO emissions for all test runs. The appearance of this
substance is mainly due to insufficient oxygen in the areas of formation. Reduction of its
emissions can be achieved by both methods described for hydrocarbons.

The reduction in NOX emissions is linked to a reduction in NO emissions, which
account for a larger proportion of this group of substances than NO2. The decrease in
NO emissions is in line with the most common assertions in the scientific literature about
NOX emission decreases in dual-fuel engines. Usually, detailed data on independent NO
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and NO2 emissions are not cited, so the commonly found decreases in NOX emissions
in dual-fuel engines may translate mainly into decreases in NO emissions, and the focus
should be on the phenomena of the simultaneous increase in NO2 emissions. Ammonia
emissions, which were also able to be reduced in all test runs, are due to the appearance in
the combustion chamber of other substances whose presence has a significant effect on the
formation of ammonia, formed by a series of chemical transformations. The reduction in
NOX emissions can also affect ammonia emissions, given that its natural reactants, nitrogen
oxides, absorb fewer ammonia molecules, which naturally decompose NOX molecules into
water and oxygen.

5. Conclusions

1. The tests carried out to make it possible to state unequivocally that the engine modifi-
cation carried out did not make it possible to limit the emission of all harmful compo-
nents of exhaust gases whose emission is limited by contemporary EU regulations.

2. The emission of hydrocarbons has increased in such a way as to make it impossible
to comply with contemporary exhaust emission standards. Their emission is related
to the incomplete combustion of fuels supplied to the combustion chamber, and the
largest increases relate to methane emissions, which is the main and basic component
of CNG fuel.

3. Emissions of nitrogen oxides did not change with the increase in the substitution of
diesel for CNG in a way that significantly affects the engine’s ability to meet modern
emission standards. This is evidenced by the similar rate and temperature of the
combustion process for both mono- and bi-fuel fueling, and the change in the amount
of CNG used does not significantly affect emissions.

4. NOX emissions did not change significantly as the degree of diesel-to-CNG replace-
ment increased. This indicates that there was no significant change in the combustion
of fuels in the engine under study where the combustion temperature should have
decreased, resulting in lower NOX emissions.

5. The failure to adapt the combustion chamber to burn gaseous fuel in a fuel–air
mixture close to stoichiometric results in increased hydrocarbon emissions. Emissions
of all hydrocarbon compounds in most test runs increased with the degree level of
substitution of diesel by CNG, indicating an insufficient availability of oxidant in the
combustion process, and therefore insufficient mixing of fuel and air, and the existence
of areas in the combustion chamber that are too rich and potentially too poor.

6. Simple conversion of an engine to so-called “gas-diesel” does not make it possible to
reduce the emission of harmful components by the engine to a level that would allow
the engine to meet the higher emission levels envisaged in the production of a bi-fuel
converted engine.

The way for a dual-fuel engine fueled with a high reactive fuel, such as diesel, and
low reactive fuel, such as CNG, to meet higher exhaust emission standards than those for
which the engine was designed is through greater intervention in both the design of the
engine combustion chamber and the timing gear main construction and the operation of
the engine’s power supply system, which should be carried out as part of further research
work. It may also be necessary to change the exhaust after-treatment system used, which
was expected to work more effectively with different concentrations of harmful exhaust
components than under dual-fuel operation.

The authors’ expertise in this area allows them to set out clear guidelines for the way
forward on the topic:

- Carry out tests in which additional flue gas components such as H2, H2O, SO2, N2O,
N2O5, and other NOY- and NOZ-forming substances will be measured.

- Check the emissions of the various components of the exhaust gas after being routed
through the original catalytic reactor of the engine under test.

- Repeat the tests carried out, as the determination of emission values with a single
measurement is an unreliable source of information and, when comparing changes in
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emission values, it is important to establish a trend based on a number of the same
tests in order to identify differences and similarities indicating whether a result has
been achieved.

- Compare the results obtained when using a different generation of gas system on the
same engine

- Carry out a full modification of the engine, including the rebuilding of the combustion
chamber and valve train in order to compare emission test results on the engine
thus modified.

Author Contributions: Conceptualization, M.K. and G.S.; methodology, M.K.; software, M.K.; val-
idation, M.K.; formal analysis, M.K.; investigation, M.K.; resources, M.K.; data curation, M.K.;
writing—original draft preparation, G.S.; writing—review and editing, G.S.; visualization, M.K.;
supervision, M.K.; project administration, M.K.; funding acquisition, M.K. All authors have read and
agreed to the published version of the manuscript.

Funding: This work was financed by the Military University of Technology under research project
UGB 758/2022.

Data Availability Statement: Data are contained within the article.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Karczewski, M.; Szamrej, G.; Chojnowski, J. Experimental Assessment of the Impact of Replacing Diesel Fuel with CNG on the
Concentration of Harmful Substances in Exhaust Gases in a Dual Fuel Diesel Engine. Energies 2022, 15, 4563. [CrossRef]

2. Reitz, R.D.; Duraisamy, G.D. Review of high efficiency and clean reactivity controlled compression ignition (RCCI) combustion in
internal combustion engines. Prog. Energy Combust. Sci. 2015, 46, 12–71. [CrossRef]

3. Chojnowski, J.; Karczewski, M.; Szamrej, G. The phenomenon of knocking combustion and the impact on the fuel exchange and
the output parameters of the diesel engine operating in the dual-fuel mode (Diesel-CNG). NAŠE MORE 2021, 17, 30.

4. Karim, G.A. Dual-Fuel Diesel Engines; CRC Press: New York, NY, USA, 2015.
5. Li, Y.; Jia, M.; Xu, L.; Bai, X.-S. Multiple-Objective Optimization of Methanol/Diesel Dual-Fuel Engine at Low Loads: A

Comparison of Reactivity Controlled Compression Ignition (RCCI) and Direct Dual Fuel Stratification (DDFS) Strategies. Fuel
2020, 262, 116673. [CrossRef]

6. Available online: https://www.ac.com.pl/products-autogas/controllers-lpg-cng-diesel/stag-diesel/338/ (accessed on
20 October 2022).

7. Available online: https://www.europegas.pl/en/eg-injecto-duo/ (accessed on 21 October 2022).
8. Available online: https://polandasia.com/cz%C5%82onkostwo/nasi-partnerzy/dual-fuel-systems/ (accessed on 21 October 2022).
9. Available online: https://fuelfusion.pl/firma/ (accessed on 21 October 2022).
10. Al-Saadi, A.A.A.; Bin Aris, I. CNG-diesel dual fuel engine: A review on emissions and alternative fuels. In Proceedings of the

2015 10th Asian Control Conference (ASCC), Kota Kinabalu, Malaysia, 31 May–3 June 2015; pp. 1–4. [CrossRef]
11. Smallwood, J.S. Investigation of the Dual-Fuel Conversion of a Direct Injection Diesel Engine. Master’s Thesis, Department of

Mechanical and Aerospace Engineering, Morgantown, WV, USA, 2013; p. 3410.
12. Andrych-Zalewska, M.; Chlopek, Z.; Merkisz, J.; Pielecha, J. Comparison of Gasoline Engine Exhaust Emissions of a Passenger

Car through the WLTC and RDE Type Approval Tests. Energies 2022, 15, 8157. [CrossRef]
13. Stelmasiak, Z.; Larisch, J.; Pietras, D. Wpływ dodatku gazu ziemnego na wybrane parametry pracy silnika Fiat 1.3 MultiJet

zasilanego dwupaliwowo. Combust. Engines 2015, 54, 672–682.
14. Jamrozik, A.; Tutak, W.; Grab-Rogaliński, K. An Experimental Study on the Performance and Emission of the diesel/CNG

Dual-Fuel Combustion Mode in a Stationary CI Engine. Energies 2019, 12, 3857. [CrossRef]
15. Hanna, R.N.; Mustafa, A.M.; Zefaan, H.; Sameh, M.M. Aftermarket exhaust gas emissions analysis of a direct injection CNG-Diesel

dual fuel engine. Int. J. Curr. Res. 2016, 8, 29321–29329.
16. Singh, R.; Maji, S. Performance and exhaust gas emissions analysis of direct injection cng-diesel dual fuel engine. Int. J. Eng. Sci.

Technol. 2012, 4, 833–846.
17. Reitz, R.D.; Foster, D.; Ghandhi, J.; Rothamer, D.; Rutland, C.; Trujillo, M.; Sanders, S. Optimization of Advanced Diesel Engine

Combustion Strategies. DOE Merit Review, ACE020. 2011. Available online: https://www.energy.gov/sites/prod/files/2014/0
3/f10/ace020_reitz_2012_o.pdf (accessed on 24 October 2022).

18. Reitz, R. Fuel Reactivity Controlled Compression Ignition (RCCI)—A Practical Path to High-Efficiency, Ultra-Low Emission. Int.
J. Engine Res. 2011, 12, 209–226.

19. Dziubak, T. Experimental Studies of Dust Suction Irregularity from Multi-Cyclone Dust Collector of Two-Stage Air Filter. Energies
2021, 14, 3577. [CrossRef]

206



Energies 2023, 16, 475

20. Dziubak, T.; Bąkała, L. Computational and Experimental Analysis of Axial Flow Cyclone Used for Intake Air Filtration in Internal
Combustion Engines. Energies 2021, 14, 2285. [CrossRef]

21. Zheng, J.; Wang, J.; Zhao, Z.; Wang, D.; Huang, Z. Effect of equivalence ratio on combustion and emissions of a dual-fuel natural
gas engine ignited with diesel. Appl. Therm. Eng. 2019, 146, 738–751. [CrossRef]

22. Pham, V.C.; Choi, J.-H.; Rho, B.-S.; Kim, J.-S.; Park, K.; Park, S.-K.; Le, V.V.; Lee, W.-J. A Numerical Study on the Combustion Process
and Emission Characteristics of a Natural Gas-Diesel Dual-Fuel Marine Engine at Full Load. Energies 2021, 14, 1342. [CrossRef]

23. Benajes, J.; García, A.; Monsalve-Serrano, J.; Boronat, V. Dual-Fuel Combustion for Future Clean and Efficient Compression
Ignition Engines. Appl. Sci. 2017, 7, 36. [CrossRef]

24. Regulamin EKG ONZ nr 49 Europejskiej Komisji Gospodarczej Organizacji Narodów Zjednoczonych (EKG/ONZ). Available on-
line: https://eur-lex.europa.eu/LexUriServ/LexUriServ.do?uri=OJ:L:2011:180:0053:0069:PL:PDF (accessed on 15 October 2022).

25. Kuiken, K. Book I: Principles. In Gas- and Dual-Fuel Engines for Ship Propulsion, Power Plants, and Cogeneration; Target Global
Energy Training: Onnen, The Netherlands, 2016; pp. 1–488.

26. Karczewski, M.; Chojnowski, J.; Szamrej, G. A Review of Low-CO2 Emission Fuels for a Dual-Fuel RCCI Engine. Energies 2021,
14, 5067. [CrossRef]

27. DieselNet Emission Standards: EU: Cars and Light Trucks. Available online: https://dieselnet.com/standards/eu/ld.php
(accessed on 30 October 2022).

28. DieselNet Emission Standards: EU: Heavy-Duty Truck and Bus Engines. Available online: https://dieselnet.com/standards/eu/
hd.php (accessed on 30 October 2022).

29. Preliminary Findings on Possible Euro 7 Emission Limits for LD and HD Vehicles. Available online: https://circabc.europa.eu/sd/
a/fdd70a2d-b50a-4d0b-a92a-e64d41d0e947/CLOVE%20test%20limits%20AGVES%202020-10-27%20final%20vs2.pdf (accessed
on 30 October 2021).

30. DieselNet Emission Standards: EU World Harmonized Transient Cycle (WHTC). Available online: https://dieselnet.com/
standards/cycles/whtc.php (accessed on 30 October 2021).

31. Mulholland, E.; Miller, J.; Bernard, Y.; Lee, K.; Rodríguez, F. The role of NOx emission reductions in Euro 7/VII vehicle emission
standards to reduce adverse health impacts in the EU27 through 2050. Transp. Eng. 2022, 9, 100133. [CrossRef]

32. Karczewski, M.; Wieczorek, M. Assessment of the Impact of Applying a Non-Factory Dual-Fuel (Diesel/Natural Gas) Installation
on the Traction Properties and Emissions of Selected Exhaust Components of a Road Semi-Trailer Truck Unit. Energies 2021, 14,
8001. [CrossRef]

33. Wajand, J.A. Silniki o Zapłonie Samoczynnym; WNT: Warsaw, Poland, 1988; pp. 123–130.
34. Norm PN-ISO 15550:2009; Reciprocating Internal Combustion Engines—Determination and Method of Measuring Engine

Power—General Requirements. Polski Komitet Normalizacyjny PKN: Warsaw, Poland, 2009.
35. Norma PN-EN ISO 8178-1; Pomiar Emisji Spalin dla Tłokowych Silników Spalinowych. Polski Komitet Normalizacyjny PKN:

Warsaw, Poland, 1999.
36. Kokjohn, S.L.; Hanson, R.M.; Splitter, D.A.; Reitz, R.D. Fuel reactivity-controlled compression ignition (RCCI): A pathway to

controlled high-efficiency clean combustion. Int. J. Engine Res. 2011, 12, 209–226. [CrossRef]
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Abstract: It has been shown that tangential inlet return cyclones are commonly used for inlet air
filtration of off-road vehicle engines. The wear of the engine elements, and thus their durability,
is determined by the efficiency and accuracy of the inlet air filtration. It has been shown that the
possibilities of increasing the separation efficiency or decreasing the pressure drop of a cyclone by
changing the main dimensions of the cyclone are limited, because any arbitrary change in one of the
dimensions of an already operating cyclone may cause the opposite effect. A literature analysis of
the possibility of increasing the filtration efficiency of cyclones by modifying the design of selected
cyclone components was conducted. In this paper, three modifications of the cyclone design with
a tangential inlet of the inlet air filter of a military tracked vehicle were proposed and performed.
The symmetrical inlet of the cyclone was replaced with an asymmetrical inlet. The cylindrical
outlet tube was replaced with a conical tube, and the edges of the inlet opening were given an
additional streamlined shape. The modification process was carried out on three specimens of the
reversible cyclone with a tangential inlet. After each modification, an experimental evaluation of
the modifications was carried out. The influence of the modifications on the cyclone’s efficiency
characteristics and pressure drop was examined. Subsequent modifications of the cyclone were
performed on the same specimen without removing the previous modifications. Tests were performed
in the air flow range QG = 5–30 m3/h. Polydisperse “fine” test dust with grain size dpmax = 80 μm
was used for testing. The dust concentration at the cyclone inlet was set at 1 g/m2. The performed
modifications caused a slight (about 1%) increase in separation efficiency in the range of small (up to
QG = 22 m3/h) flux values and about 30% decrease in pressure drop in the whole range of the QG

flux, which positively influences the increase in engine filling and its power. There was a noticeable
increase in filtration accuracy in the range of low and high values of QG flux, which results in
a decrease in the wear of engine components, especially the piston-piston ring-cylinder (P-PR-C)
association, and an increase in their durability.

Keywords: air filter; tracked vehicle; return cyclone with tangential inlet; cyclone design modifications;
separation efficiency; pressure drop; experimental studies

1. Introduction

Trucks and special vehicles, including tracked military vehicles, as well as agricultural
machines and working machines, due to their application, are most often used in roadless,
unpaved, sandy and desert terrain, where air dust concentration is significant and often
exceeds the value of 1 g/m3 [1–5]. The main air pollutant sucked in by the engines of these
vehicles is road dust, the dominant component of which is mineral dust carried from the
ground to a considerable height by moving vehicles or by the wind.

The residence time of mineral dust grains in the air depends on the speed of their
fall, which is determined by their size and density and is a result of the mutual relation of
the aerodynamic drag force and gravity force. The falling velocity increases significantly
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with increasing grain diameter. For example, SiO2 silica grains with sizes of 10 μm, 50 μm
and 100 μm (density 2650 kg/m3) fall at speeds of 0.08 m/s, 0.19 m/s and 0.7 m/s, re-
spectively [6]. Dust grains with diameters in the order of 1 μm, due to their very small
mass, are characterized by a low velocity of descent. In addition, dust grains with a size of
1 μm and smaller perform Brownian motions in a gaseous medium. These are disordered
movements of solid particles suspended in a liquid or gas resulting from collisions of these
particles with molecules (particles) of the surrounding medium. Very small particles move
in suspension along irregular paths. The particles move independently of each other, their
motion does not diminish in time, but becomes more intense when the temperature of the
medium increases. As a result, dust particles of small size do not fall. This means that only
dust grains with diameters of 1 μm and less can float in the still air for an almost indefinite
period of time. Their contribution to the total mass of dust is usually small.

Due to their low velocity of descent, dust grains with a size of dp = 2–10 μm remain in
the air for a long time and are sucked in together with the intake air to the engine cylinders.
On the other hand, airborne dust grains with a size of dp = 10–50 μm are sucked in with
the engine intake air when the vehicle is operated in conditions of high dust concentration
in the air. In raised dust clouds, dust grains with diameters not exceeding dp = 50–80 μm
account for 80–100% of the total dust mass. Dust grains larger than 50 μm are found in the
air during the use of vehicles on training grounds, in quarries, on construction sites and
during take-off or landing of a helicopter on an adventure landing pad [7].

The main components of mineral dust are silica SiO2 and alumina Al2O3. The share
of these two components in the total mass of dust reaches up to 95%. The residue (trace
amounts) is oxides of various metals including Fe2O3, MgO, CaO, K2O, Na2O and SO3
(Figure 1). The chemical composition of dust depends strictly on the composition and
type of substrate, the location and altitude above the ground and climatic factors, such as
winds, rains, snow, frost and droughts, as well as dust precipitation that has entered the
atmosphere as a result of forest fires, landfills, industrial activities and volcanoes [8–11].

Figure 1. Chemical composition of selected dusts from U.S. substrates. Figure made by author based
on data from paper [11].

Mineral dust grains are very irregularly shaped lumps with sharp edges and are
characterized by high hardness. On the 10-grade Mohs scale, where 10 corresponds to
the hardness of diamond, silica has a hardness of 7 and corundum has a hardness of 9.
Mineral dust has strong abrasive properties. When it enters the engine cylinders together
with the air, it is the most frequent cause of accelerated wear of two frictionally mating
parts, such as the P-PR-C (piston—piston rings—cylinder wall) mating parts of an engine.
Dust that is drawn in with the air enters above the piston and causes the most wear on
the upper part of the cylinder and piston as well as the upper piston rings. The abrasive
wear of engine components is caused mainly by particles of 1–40 μm, with dust grains of
1–20 μm being the most dangerous [9,11–13]. The authors of [8] state that about 30% of
the pollutants entering the engine may escape from the cylinders to the exhaust system
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unchanged together with the exhaust gases, thus increasing the emission of particulate
matter (PM) from the engine. Only 10–20% of the dust that enters the engine with the air
through the intake system settles on the cylinder liner walls. This part of the dust settles
on the cylinder liner, where it forms a kind of abrasive paste together with the oil, which
causes abrasive wear when it comes into contact with the surfaces of engine combinations,
for example the piston-ring-cylinder (P-PR-C) combination.

The air filter is responsible for supplying air of sufficient quality (purity) to the engine
cylinders to minimize wear on engine components. For filtration of inlet air of modern
passenger car engines, due to low values of dust concentration in the air (Table 1), single-
stage filters with a panel insert made mainly of pleated filter paper, which is characterized
by the mass of dust retained per unit filtration area, are used. This property is determined
by the dust absorption coefficient km of the filter material, which is defined as the quotient
of the total dust mass mcw retained by the filter insert until the value of the permissible
resistance Δpfdop is reached and the active area of the filter insert paper Ac.

km =
mcw

Ac
[g/m2] (1)

For typical cellulose-based filter materials and standard dusts whose grain size does
not usually exceed 100 μm, the dust absorption coefficient reaches a value in the range
km = 200–250 g/m2 [14,15].

Fibrous filter baffles, as a result of dust accumulation, increase the pressure drop
during operation, which causes a decrease in engine power. When the paper absorption
capacity is used up, the filter cartridges must be changed periodically, the more often
the vehicle is used in higher concentrations of dust in the air. Therefore trucks, working
machines and military vehicles (mainly tanks, infantry fighting vehicles and armored
personnel carriers), which are used in conditions of high dust concentration in the air
(Table 1), are equipped with two-stage filters [16–18]. The first stage of filtration is then an
inertia filter, a multicyclone or a monocyclone with a swirl guide, and the second stage
is a porous baffle arranged in series in the form of a cylindrical insert made of pleated
filter paper with a suitably selected surface area. The multicyclone used in engine inlet
air filtration technology is a set of several dozens of identical return or through cyclones
arranged side by side whose internal diameter does not exceed D = 40 mm [19–21].

The concentration of dust in the air around a moving vehicle is a variable quantity
and depends mainly on the type and condition of the ground, precipitation, wind direction,
conditions of vehicle movement (speed, single vehicle or column) and the type of running
gear (wheeled or tracked). Therefore, the concentration of dust around a moving vehicle
assumes very different values, as seen in Table 1.

Table 1. Particulate matter concentrations in the air for different vehicle operating conditions.

Author Ambient Conditions Value [g/m3]

[1,2]
Clean rural environments from 0.01 mg/m3

Movement of a column of tracked vehicles in desert conditions about 20

[3] Dusty environments 0.001–10

[22] On highways 0.0004–0.1

[22] When driving a column of vehicles on sandy terrain up to 0.03–8

[23]
During takeoff or landing of a helicopter on an adventure
landing site at helicopter propeller tip height—0.5 m
above ground

3.33

[24]
Limited visibility 0.6–0.7

Zero visibility about 1.5
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Table 1. Cont.

Author Ambient Conditions Value [g/m3]

[4]

At a distance of several meters behind a column traveling at
30 km/h:
• tanks, 1.17
• armored personnel carriers, 0.62
• trucks. 0.18

[5]

A tracked vehicle driving on sandy terrain at 18 km/h:
• at a distance of about 80 mm from the side surface of

the armor, 2.1–3.8

• at the air filter inlet. 0.8–1

[11] A few meters away from the sand road on which the terrain
vehicles were moving 0.05–10

[1,3,11] At the inlet to the combustion engine intake system of a vehicle not more than 2.5

Other sources of pollutant emissions also influence the concentration of pollutants in
the air, including road transport emitting particles from tire wear [25], heating systems and
thermal power plants emitting particulates and toxic gases [26], cement industry [27], field
work (plowing, harvesting), biomass transport [28] and open pit coal mines emitting dust
and gases [29].

The idea of using two-stage air filters is to initially separate large masses of dust from
the polluted air in the multicyclone, without increasing the pressure drop, but with not
very high efficiency (87–95%) and accuracy (dp > 15–35 μm), as seen in Figure 2. The re-
maining small mass of dust is then directed to the filter cartridge made of pleated paper,
where the dust grains are retained with high efficiency (above 99.5%) and accuracy (above
dp = 2–5 μm) [30–32]. As a result, air of the required purity is supplied to the engine cylin-
ders and the operation time of the filtration system is extended, and thus the service
interval is extended, which is limited by reaching a certain value of the pressure drop—the
permissible resistance Δpfdop.

Figure 2. Two-stage (multicyclone, filter bed) filtration system for the inlet air of an off-road vehicle
engine: (a) essence of the two-stage filtration system; (b) functional diagram of the two-stage filter,
1—multicyclone (first filtration stage), 2—dust settler and 3—paper filter bed (second filtration stage).

Multicyclones can be constructed of tangential inlet or axial inlet return cyclones or
pass-through cyclones. Because of their simple and robust design, lack of moving parts,
high operational safety and stable and low pressure drops, as well as their comparatively
low investment and operating costs, cyclones have been a very efficient and popular
device for separating solids from the air stream for over 100 years. In addition, cyclones
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can operate under extreme conditions, including large gas flow volumes and high solids
concentrations, temperatures and pressures, which is their advantage over other solid-
to-gas separation technologies. Since the appearance of the first industrial cyclone in
1886, the cyclone has been widely used in aerosol filtration processes in the chemical, coal,
petroleum, metallurgical, power generation and other industries [33].

A cyclone works by making the gas stream rotate so that the particles acquire centrifu-
gal force. The rotational movement of the gas stream can be achieved either tangentially
into the cylindrical part (Figure 3a–c) or axially (Figure 3d) by flowing through stationary
blades with a helical outline (swirler) at the inlet of the cylindrical part.

 

(a) (b) (c) (d) 

Figure 3. Methods of gas supply to the cylindrical part of a return cyclone with inlet: (a–c) tangential,
(d) axial. Figure made by the author based on data from the work [34].

Due to the principle of operation, cyclones can be divided into reverse, when the
aerosol changes the direction of flow by 180◦ (Figure 4a,b), clean gas and collected particles
leave the device on opposite sides and through, when the aerosol does not change the
direction of flow, and then the gas and particles pass through the cyclone in one direction
only, leaving from the same end of the device (Figure 4c).

(a) (b) (c) 

Figure 4. Types of cyclones used for filtering the intake air in motor vehicles: (a) reverse-flow cyclone,
(b) return with axial inlet and (c) axial flow (vortex tube separators).

A conventional tangential inlet reciprocating cyclone comprises a cylindrical part,
which then tapers downward in the form of a cone terminated by a discharge opening
and a dust collector. A tangential inlet is attached to the cylindrical part of the cyclone,
which causes the gas containing the dust to swirl, resulting in a spiral motion that first
descends along the outer spiral, then ascends through the inner spiral and finally leaves
the cyclone through the outlet pipe at the top of the cyclone (Figure 4a). The centrifugal
force created by the swirling motion causes the higher mass particulates in the gas to move
(overcoming the drag force of the air) toward the outer wall of the cyclone, where they are
braked and stopped, and then fall by gravity into the dust container. Gas flowing spirally
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downwards, due to the shrinking diameter of the circular cone and the attraction of the
low-pressure zone in the middle of the cyclone, changes its direction of movement spirally
upwards at the bottom of the cone. The gas purified from larger dust grains is discharged
from the cyclone through a cylindrical outlet tube located in the upper part of the cyclone.
The cylindrical part of the cyclone is connected to the outlet pipe by a tight cover. The
cyclone design is simple, but the gas flow inside is a complex three-dimensional vortex
flow [35].

Cyclones differ in construction, principle of operation and separation efficiency, which
is described by the characteristics of separation efficiency and pressure drop. Examples
of characteristics of cyclones, which are elements of air filters of off-road vehicles, are
shown in Figure 5. The diagrams show a close relation between the separation efficiency
and pressure drop of the cyclone, indicating that the greater the filtration efficiency, the
greater the value of the pressure drop and vice versa. A high value of filter pressure
drop adversely affects engine operation, causing a decrease in engine cylinder filling and
effective power, hence the desire to reduce them. High separation efficiency is important
to minimize wear and tear on engine components, which increases engine durability and
vehicle mileage. Air filter performance is a technical compromise between its pressure
drop, separation efficiency and accuracy, as well as engine wear and durability and vehicle
reliability [1–3,7,13].

(a) (b) 

Figure 5. Filtration properties of cyclones as elements of off-road vehicle air filters: (a) characteristics
of separation efficiency ϕc = f (QG) and pressure drop Δpc = f (QG); (b) filtration quality factor.

At the maximum value of the air stream QG = 30 m3/h, the tangential inlet reversible
cyclone BWP reaches a pressure drop of the order of 12 kPa, exceeding by several times
the pressure drop of the tangential inlet cyclones. At a slightly higher value of air stream
QG = 35 m3/h, the pressure drop of another tangential inlet reverse cyclone T-72 reaches
the value of 3.4 kPa. The filtration efficiencies of the tangential inlet return cyclones take the
values 96.9% and 95.6%, respectively. Scania and Volvo tangential inlet backflow cyclones
have much lower pressure drop values at 0.36 kPa and 0.58 kPa, and much lower values of
filtration efficiency at 87.7% and 85.2%, respectively [36].

A comparison between cyclones of different filtration properties can be made with the
use of the conventional filtration quality factor qc, which relates the separation efficiency
and pressure drop with the following relation the quality factor [37]:

qc =
− ln(1 − ϕ0)

Δp
[1/kPa] (2)
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where ϕ0 is the cyclone filtration efficiency (–) and Δp is the pressure drop for nominal air
stream (kPa).

The higher the value of the qc coefficient, the more favorable the cyclone efficiency.
It should be noted that the filtration quality factor qc defined in this way optimizes the
cyclone only due to separation efficiency and pressure drop. The qc coefficient does not
take into account the filtration accuracy of the cyclone, which clearly increases as the air
velocity through the cyclone increases, just as the pressure drop increases.

The values of filtration quality coefficients of cyclones, whose characteristics are shown
in Figure 4a, are shown in Figure 4b. The pass-through cyclones take values of the filtration
quality factor q several times higher than the tangential inlet return cyclones.

The continuous pursuit to increase the durability of truck and special vehicle engines,
which are operated in conditions of high values of dust concentrations in the air, sets more
and more stringent requirements for two-stage air filters in terms of separation efficiency
and accuracy, as well as pressure drop. For this reason, it is reasonable to take measures
to use return cyclones, which are characterized by high values of filtration efficiency, for
the filtration of inlet air in these vehicles. This will reduce the mass of dust directed to the
second filtration stage, thereby extending the vehicle’s service interval. However, due to
the high pressure drop, measures are needed to reduce it, which will minimize the decrease
in engine power.

High cyclone operating efficiency, determined by separation efficiency and pressure
drop p, is obtained by using appropriate air flow velocities and proportions of its main
dimensions, also called geometrical parameters or dimensionless numbers. For tangen-
tial inlet reciprocating cyclones, such proportions in the form of quotients of the main
dimensions have been established as a result of research work conducted over a number of
years [38–54].

These research works have shown a mutual dependence between the main dimensions
of a cyclone and have led to the determination of such proportions of these dimensions
(quotients of main dimensions), for which a cyclone obtains optimal working conditions in
the scope of the maximum separation efficiency and minimum pressure drop. The main
dimensions of a tangential inlet return cyclone are shown in Figure 6.

Figure 6. Characteristic dimensions of a tangential inlet return cyclone.

For example, the author of [55] combined the variables determining the cyclone sepa-
ration efficiency (cyclone main dimensions, air and dust flow parameters) and presented
the cyclone efficiency as a function:

η = f
(

dw

D
,

a
D

,
b
D
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D

,
H
D

,
Hc

D
,
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The quotients dw/D to de/D are dimensionless numbers for the cyclone configuration,
Re and Fr are dimensionless numbers for the gas flow, called Reynolds number and Froude
number and can be defined as follows, respectively:

Re =
ρgυiD

μ
, (4)

Fr =
υi

gD1/2 . (5)

Stk is a dimensionless number that determines particle dynamics, which is called the
Stokes number and can be defined as follows:

Stk =

(
Ccρpd2

p

18μ

)
(6)

Den is a density number that can be defined as the quotient of the gas density ρg and
the dust density ρp:

Den =
ρg

ρp
. (7)

From the presented (Figure 7) example changes of separation efficiency c and pressure
drop coefficient c as a function of the quotient Aw/A0 and H/dw, it can be seen that the
optimal range of these parameters is in the range of 1.5–2 and 7–9, respectively [39,40]. The
use of these data during the design work of cyclones makes it possible to obtain a relatively
high separation efficiency of the inlet air to internal combustion engines with respect to
micron particles. Any arbitrary change in one of the cyclone dimensions can cause the
opposite effect.

(a) (b) 

Figure 7. Separation efficiency ϕc and coefficient of pressure drop ξc of cyclones as a function of:
(a) Aw/A0 and (b) H/dw parameter. Figure made by author based on data from paper [39].

The pressure drop coefficient c is defined by the relation:

ξc =
2Δpc

ρp·υ2
0

, (8)

where ρg is the gas density, Δpc is the air pressure drop through the cyclone and υ0 is the
outlet velocity from the cyclone.

The gas velocity in the cyclone is represented by the average velocity at the inlet port
(inlet velocity) υ0, which is defined by the relation:

υ0 =
Q0

A0
[m/s], (9)
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where Q0 is the flow of air entering the cyclone and A0 is the cross-sectional area of the
inlet spigot at its narrowest point.

The range of inlet velocities 0, within the limits of which the changes in the purification
efficiency are relatively small, should be as large as possible because it makes it possible to
use the best separating capabilities of the cyclone at a widely varying air stream QG as a
result of changes in the engine rotational speed n. The range of inlet velocities 0 is at the
level of υ0 = 12–20 m/s, and exceptionally reaches the value of 25 m/s [56–59]. The use of
high velocities generates high pressure drop. According to the study of the author of [60],
the cyclone inlet velocity reaches υ0 = 35 m/s, but the pressure drop also reaches a large
(about 4 kPa) value.

Therefore, work is constantly conducted to increase the efficiency of aerosol particle
separation in cyclones and to reduce their pressure drop. This goal is achieved by modifying
the cyclone design but keeping the cyclone’s main dimension quotients. The available
literature describes various ways to improve the efficiency of cyclones of different diameters
over a wide range. Each cyclone is designed to perform a specific task and is associated
with unique flow physics, which is strongly influenced by its geometry.

This paper aims to analysis the available design solutions of tangential inlet return
cyclones in terms of their applicability to modify a return cyclone with a cylindrical part
diameter of 40 mm, which is a component of an off-road vehicle air filter multicyclone.
Proposed and performed modifications of cyclones will be verified during experimental
tests on a laboratory bench.

2. Analysis of Options for Increasing the Separation Efficiency of Tangential Inlet
Return Cyclones

Ongoing research on tangential inlet return cyclones is aimed at improving their
performance by increasing the efficiency of aerosol particle separation in cyclones and
reducing air pressure drop. This effect can be achieved by modifying the cyclone design, but
without interfering with its basic geometric dimensions. To date, many such experimental
and numerical studies of tangential inlet return cyclones have been conducted, where the
researchers have focused on the individual effects that a single geometric factor has on the
separation efficiency and pressure drop of the cyclone. The studies included modification
of three cyclone components:

(1) The cyclone inlet (shaping the inlet tube or changing the way the inlet stream is fed
into the cylindrical part of the cyclone) [61–79];

(2) The cyclone outlet tube (shaping the outlet tube and using special steering wheels
(deswirlers) inside the outlet tube) [80–86];

(3) The dumping hole and dust container [87–94].

In tangential inlet return cyclones, a single symmetrical inlet with rounded edges
in the form of a tube with a rectangular cross-section with sides a and b is commonly
used (Figure 1), with the longer side a aligned parallel to the cyclone’s main axis. It
has been found that the optimal ratio of inlet width to inlet height b/a is in the range of
0.25–0.5 [53,54], although the authors of [59] report a different range from 0.5 to 0.7

Therefore, a lot of work has been undertaken on the organization of the aerosol inlet
into the cyclone. The authors of the work [51–64] believe that replacing one inlet channel
with several inlet channels will improve the cyclone efficiency. Reference [61] presents
a comparative analysis of the original cyclone (one inlet channel) with the designs of
two cyclones that are equipped with four equal inlet channels. In cyclone one, the inlet
channels were set symmetrically around the circumference of the cylindrical part (every
90◦) at the same level as the inlet channel in the original cyclone. In cyclone two, the inlet
channels were set symmetrically and arranged as stairs along the axial direction of the
cyclone. The total inlet area of the four channels in the new designs remained the same.
Therefore, the height and width of the inlet channel in the two new designs are equal to half
the height and width of the inlet channel in the original cyclone. The cyclone design with
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four inlets achieved, in the inlet velocity range of 10–25 m/s, better filtration performance
than the original cyclone.

In Reference [62], a numerical study of cyclones of new design with one, two and
three tangential inlet channels symmetrically arranged in the cylindrical part at the same
level was carried out. This cyclone differs from the conventional cyclone in the separation
space. Instead of the conical part of the cyclone, a cylindrical part and a vortex limiter
were used. The inlet channels have the same design. It was found that the cyclone with
three inlets has higher separation efficiency and lower pressure drop, which is beneficial to
cyclone performance. The cyclone with three inlets has a more favorable distribution of
turbulent kinetic energy compared to cyclones with one and two inlets, which may lead to
less noise in the cyclones and their pipelines.

Numerical results of cyclones of a new design with one, two and three tangential inlet
channels symmetrically arranged in the cylindrical part at the same level are presented
in [63]. The total inlet area of two and three channels in the new designs remained the same.
The results show that the modification proposed in this paper increases the separation
efficiency of particles smaller than 3 μm to 50% and particles larger than 6 μm to 15%
compared to the conventional design. Increasing the inlet velocity from 14 to 20 m/s
increases the separation efficiency for all particle sizes, but is associated with a significant
increase (doubling) of the pressure drop. The proposed modification simultaneously
reduces the erosion rate by 54%.

The object of study of the authors of [64] was a cyclone with two inlet channels (main
and auxiliary), where the auxiliary inlet channel with a square cross-section was much
smaller than the main channel. The inlet channels were rotated 180◦ with respect to each
other. Tests were conducted for three variables: the flow rate through the secondary inlet
channel, the cross-sectional area of the secondary channel and the position of the top of the
main inlet channel relative to the cyclone lid. The optimum design obtained from the tests
provides better performance than conventional cyclones.

El-Emam et al. [65] fabricated and optimized the geometry of a tangential inlet return
cyclone by varying the position and dimensions of the inlet channel and the length of the
cylindrical part of the cyclone at a constant air inlet velocity of υ0 = 30 m/s. Five cyclones
with different sizes and dimensional proportions of the inlet channels and the position of
the inlet relative to the cyclone top cover, were modeled computationally. The inlet channel
width and the diameter of the cylindrical inlet channel were assumed constant. It was
shown that cyclone modification (III), in which the inlet channel has twice the height of the
original cyclone, provided the highest (98.6%) filtration efficiency. Increasing or decreasing
the height of the inlet channel more than in cyclone (III) has a negative effect on cyclone
performance. Additionally, decreasing the length of the cylindrical part and changing the
original position of the cyclone inlet channel gives poor cyclone performance.

In the work [66], a tangential inlet reciprocating cyclone (without cylindrical part) with
two equal symmetrical inlets attached to the conical section at the top of the section was
numerically investigated. In contrast, Lim et al. [67] installed additional inlets in the conical
section of a tangential cyclone separator, numerically investigated and then experimentally
verified their effect on filtration efficiency and pressure drop. When aerosol was metered
through the additional inlet channels and clean air was fed into the original inlet channel,
the boundary grain diameter decreased compared to when aerosol was metered only
through the original inlet channel. It is shown that there is an optimum flow rate through
the additional inlet ducts that increases the separation efficiency of the cyclone. Dosing the
aerosol simultaneously through the additional inlet channels and through the original inlet
channel resulted in a larger aerosol stream being filtered, while showing similar levels of
efficiency and pressure drop compared to the original cyclone.

Wang et al. [68] studied the effect of the inlet channel angle of a feedback cyclone on its
filtration efficiency. The angular inclination (−30◦, −15◦, 0◦), the downward inlet channel
with respect to the horizontal and the upward channel angular inclination (0◦, 15◦, 30◦)
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were analyzed. It is shown that the inlet channel inclination angle has a direct effect on the
gas introduction direction, resulting in changes in pressure drop and filtration efficiency.

The pressure drop initially decreases, reaches a minimum value at an inlet angle of 0◦,
and then increases as the inlet angle increases (Figure 8). A negative inlet angle results in a
greater pressure drop compared to a positive inlet angle of the same value.

 

(a) (b) 

Figure 8. Effect of inlet channel angle of the return cyclone on: (a) filtration efficiency and (b) cyclone
pressure drop. Figure made by the author based on data from paper [68].

The separation efficiency first increases, reaches a maximum value at an inlet (chan-
nel) angle of 15◦ and then decreases as the inlet angle changes from negative to posi-
tive. High agreement was obtained between the numerical simulation results and the
experimental results.

A similar problem was addressed by the authors of [69], who studied the effect of
changing the inlet channel angle contained in the vertical plane α and additionally in
the horizontal plane β (Figure 9) on the changes in pressure drop and filtration efficiency.
The lowest static pressure was recorded in the basic model, and for the other models, the
value increased with the increasing channel angle on both sides.

 

(a) (b) 

Figure 9. Effect of changing the angle of the cyclone inlet channel: (a) cyclone inlet channel angle in
vertical plane α and horizontal plane β; (b) effect of angles α and β on filtration efficiency. Figure
made by the author based on data from the paper [69].

For changes in angle in the vertical plane α, feeding the solids from the top (angle
α positive) provided higher values of separation efficiency due to better penetration of
both phases into the lower areas of the cyclone. The separation efficiency increased with
increasing angle (except for angle α = 45◦), with the cyclone reaching its maximum value
for channel angle α = 90◦ (Figure 9). There was a 3.1% increase in the separation efficiency
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of the cyclone compared to the angle α = 0◦. For changes in channel inclination angles
in the horizontal plane, angles greater than 0◦ are preferable. This allowed for a larger
particulate stream to be directed towards the cyclone walls, thus providing better particulate
penetration in that direction. The maximum value of separation efficiency was achieved by
the cyclone for the angle of channel inclination β = 90◦—an increase in efficiency by 2.8%
compared to angle β = 0◦.

Yoshida et al. [70] applied an additional tangential inlet to a reversible cyclone with
a diameter of D = 72 mm, by means of which they metered a stream of clean com-
pressed air in the range of q = 0–210 dm3/min, maintaining the following condition:
QG + q = const = 630 dm3/min. Changing the position of the additional inlet tangent along
the height of the cylindrical part, the highest separation efficiency of the cyclone was ob-
tained when both inlet tangents were located in the same plane in the upper cylindrical part
of the cyclone, and their symmetry axes were parallel, angle = 180◦, as shown in Figure 10.
An increase in the flow of additional air in the range q = 0–210 dm3/min caused an increase
in separation efficiency of the cyclone from ϕc = 93.2% to ϕc = 98.1%.

 
Figure 10. Reverse flow cyclone with a tangential inlet with additional inlet port in its cylindrical
section. Figure made by the author based on data from paper [70].

Misiulia et al. [71] conducted a numerical study of a spiral inlet return cyclone with
an inner diameter of the cylindrical part D = 0.24 m for five different inlet angles (α = 7◦,
11◦, 15◦, 20◦ and 25◦). The height of the spiral cyclone inlet channel depends directly on
the inlet angle α and takes on increasing values as α increases. High separation efficiency
with moderate pressure drop was obtained for an optimal inlet angle in the range of 10–15◦.
The same authors in another paper [72] extended the study of the same cyclone. They
analyzed numerically five cyclone models with spiral inlet channels with different angles
(α = 7◦, 11◦, 15◦, 20◦ and 25◦) and five cyclone models with tangential inlet channels with
different inlet heights at the same other geometrical dimensions. Cyclones with spiral inlet
have higher separation efficiency compared to cyclones with tangential inlet. The highest
separation efficiency was achieved at an inlet angle of 20◦. The pressure drop decreases
significantly as the inlet angle increases.

The subjects of the authors’ experimental study [73] were two conventional cyclones
A and B with a single inlet and cyclone C with double inlet. Models A and B are single-
suction cyclones with different inlet channel width b and outlet tube diameters, but all
other dimensions are the same. Model C, a double inlet cyclone, has the same dimensions
as model A except the inlet duct is divided into two equal parts. Air containing particulate
matter was introduced into the outer part of the inlet duct. Clean air was introduced
into the inlet near the cyclone wall. The effectiveness of the double inlet cyclone was
evaluated at different flow rates of clean air, keeping the flow rate of particulate containing
air constant. The filtration efficiency of the double inlet cyclone was found to be 5–15%
higher and the pressure drop more than 35% lower than that of the single inlet cyclone
at the same inlet size and outlet tube diameter. As the clean air flow rate increases, the
cyclone filtration efficiency increases.

Similarly, Zhao et al. [74] conducted an experimental study of three tangential inlet
return cyclone models with an inner diameter of the cylindrical part D = 300 mm. A con-
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ventional cyclone A with a single inlet channel and two cyclones B and C with two inlet
channels strapped on the cylindrical part and spaced 180◦ apart at the same level were
studied. The inlet channels of cyclone C have the same dimensions (a and b) as the channel
of cyclone A. The inlet channels of cyclone B have their width halved (b/2). Experimental
tests at a concentration of 5 g/m3 showed that cyclone C obtains, over the entire range of
inlet velocity υ0 = 11.99–23.85 m/s, the highest values of filtration efficiency and the lowest
values of grain limit d50.

Bernardo et al. [75] used a three-dimensional computational fluid dynamics (CFD)
model to describe the flow of gas and solids in a cyclone with a spiral inlet channel at
three different inlet angles (α = 30◦, 45◦ and 60◦) relative to the cyclone body. Numerical
results show that the filtration efficiency value in this work increased to 77.2% for the inlet
channel inclination angle α = 45◦, while the efficiency value for the standard inlet channel
was 54.4% under the same operating conditions.

The effect of periodic inlet velocity on the performance of standard tangential inlet
return cyclones was presented [76]. Four cyclone models with the same inner diameter of
the cylindrical part but differing in the height a and width b of the inlet channel, the height
of the cylindrical and conical parts, the diameter of the outlet tube and the diameter of the
dust discharge opening were numerically studied and experimentally verified. The same
value of inlet velocity was assumed. The inlet velocity in the duct and the air particle
velocity were described by a sinusoidal trigonometric function.

In [77], the flow field in tangential inlet return cyclones with a cylindrical part diameter
D = 300 mm was simulated with different diameters (95, 108, 115, 120, 135, 140 and 150 mm)
of the outlet tube and dimensions (Ka = 5.5, 7.5 and 9.8) of the inlet channel described on
the cylindrical part (180◦) using the Reynolds stress model to determine the axial velocity
stagnation mechanism. The dimensionless parameter Ka defines the ratio of the cross-
sectional area of the cylinder of diameter D to the cross-sectional area of the inlet channel
with rectangular sides a and b.

Numerical studies of the effect of inlet channel length on the flow field and filtration
efficiency of a return cyclone with an asymmetrical tangential inlet and their experimen-
tal verification are presented in [78]. The inlet channel length was varied in the range
Li = 0.75D–3D while keeping the height b and width a1 at the channel inlet constant.
Changing the length of the inlet channel caused the angle of the inlet channel contained in
the horizontal plane to decrease (Figure 11).

 
Figure 11. Geometry of the inlet channel of the return cyclone. Figure made by the author based on
data from work [78].

Simulation results showed that increasing the length Li of the inlet channel led to
an increase in the tangential velocity of the gas in the cyclone body. An increase in inlet
channel length resulted in a decrease in pressure drop and filtration efficiency, particularly
evident in the range up to Li = 1.5D. Above this value, the effect of inlet channel length on
both the pressure drop and filtration efficiency is small. The trend of pressure drop was
similar to the trend of gas tangential velocity decrease with increasing Li.

Dzierżanowski et al. [79] demonstrated that the symmetrical inlet, which is commonly
used, causes unfavorable mass distribution of dust particles in the cross-section (Figure 12a),
which may have a negative effect on separation efficiency. The replacement of the symmet-
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rical inlet with an asymmetrical inlet (Figure 12b), or the use of “K” vanes immediately
before such an inlet (Figure 12c), causes a significant mass of dust to be directed (already
at the inlet) towards the outer wall of the cylindrical part of the cyclone, which naturally
facilitates its separation from the air and thus increases separation efficiency.

(a) (b) (c) 

Figure 12. Cross-sectional dust particle size distribution—flat inlet: (a) symmetrical, (b) asymmetrical
and (c) symmetrical with guide vanes um—relative dust fraction in the inlet air stream [79].

From the presented analysis, it can be seen that the organization of the aerosol inlet
into the cyclone is being addressed by many researchers. The ongoing work is directed
towards the use of a larger number (up to four) of inlet channels arranged symmetrically
in the cylindrical part at the same level or shifted with respect to each other towards the
conical part. Channels of the same or changed shape and cross-sectional area are used. It is
proposed to construct cyclones with a different angle of inclination of the inlet channel in
the vertical and horizontal plane. Numerical and experimental tests of modified cyclone
constructions showed an increase in separation efficiency and a decrease in pressure drop,
which confirms the purposefulness of conducting such tests.

All previous studies show that the largest share, estimated at 75–90%, of the total gas
pressure losses in the cyclone are the losses incurred during flow through the cyclone inner
tube (outlet tube) [40]. The pressure losses are a result of the resistance at the inlet to the
outlet tube and the friction resistance during the gas flow through the tube. In addition,
gas flows through the outlet tube and makes a helical motion towards the cyclone outlet.
Hence, there have been numerous searches for ways to reduce these losses, primarily by
giving the outlet tube more favorable shapes (conical) and giving streamlined shapes to the
edges of the inlet opening, installing internal vanes and adding reversible heads to convert
the kinetic energy of spiral motion of the gas inside the outlet tube into pressure energy
and the kinetic energy of linear motion [80–86].

Lim et al. [80] performed an experimental analysis of the effect of the outlet tube
shape on the separation efficiency and pressure drop. The experiments were performed for
two air flow rates (30 dm3/min and 50 dm3/min) of four cyclone models with cylindrical
outlet tubes with diameters of 15, 11 and 7 mm and six cyclone models with cone-shaped
outlet tubes. The cone-shaped tubes had different cone lengths (10, 25 and 45 mm), with
diameters of 7 and 15 mm at both ends of the cone (Figure 13). The pressure drop and
separation efficiency of the conical tubes were greater than that of the 15 mm diameter
cylindrical tube and less than that of the 7 mm diameter cylindrical tube. In addition, the
pressure drop per unit flow rate (Δp/Q) for the cone-shaped outlet tube design (7-B, 7-C
and 7-D) is less compared to the cylindrical-shaped design (7-A).
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Figure 13. Geometry and dimensions of the cyclone outlet tube. Drawing made by author based on
data from work [80].

The study presented in [81] aimed to obtain detailed flow information using CFD
simulations in cyclones tested previously by Lim et al. [80]. Figure 14 shows the pressure
contours at a flow rate of 70/min in a cyclone with different outlet tube inlet shapes. By
decreasing the divergence angle of the outlet tube, the low-pressure zone in the center
of the cyclones expands. More particles are trapped in this zone and transported to the
cyclone outlet. Thus, the efficiency of the cyclone is lower.

Figure 14. Pressure contours (Pa) at a flow rate of 70/min in the cyclone. Figure made by author
based on data from paper [81].

Another way to reduce the pressure drop of the cyclone is to use special guides
(deswirlers) inside the outlet tube to convert the kinetic energy of spiral motion, which the
gas stream moves inside the outlet tube, into kinetic energy of linear motion.

Misiulia et al. [82] presented the results of optimizing the geometry of a deswirler
located in the outlet tube of a feedback cyclone with a spiral inlet channel (Figure 15) using
the pressure drop of the cyclone as a criterion. For this purpose, 70 different configurations
of the deswirler (also known as the unscrewing or straightening device) were investigated,
which were obtained by varying the range of its geometrical parameters: dc/Dv = 0.4–0.8;
n = 1–9; h/Dv = 0.4–2; α = 10–50◦. The optimization results indicated that the most sig-
nificant geometric parameters of the deswirer are the number of blades, blade angle and
blade height. It was shown that the new optimized deswirler significantly (by about 56%)
reduces the static pressure on the cyclone wall and about 20% in the core. It reduces the
pressure loss in the outlet tube by 95.67%, leading to a 43.17% reduction in total cyclone
pressure drop. It slightly reduces the separation efficiency for some particle diameters,
increasing the cyclone boundary grain diameter from 1.5 to 1.72 μm.
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Figure 15. Deswirler geometry and dimensions: Dv—vortex finder diameter, l—mounting height in
the vortex finder, dc—deswirler core diameter, h—height of guide vanes and α—leading edge angle.
Figure made by author based on data from paper [82].

In [83], based on the analysis of available flow straightening (unstraining) devices, a
new design of flow straightening device using vanes was proposed, which reduces the
energy consumption of the most commonly used cyclones by 25–29%, respectively, without
compromising the separation efficiency. Figure 16 shows the components (proposed by
LG Electronics) mounted on the inlet of the outlet tube, which reduce the pressure loss in
the cyclone.

Figure 16. Devices proposed by LG Electronics to reduce pressure loss in cyclones. Figure made by
author based on data from paper [83].

Figure 17 shows the components used to straighten the flow inside the outlet tube
by Samsung Gwangju Electronics Co. [83], resulting in a reduction of pressure loss. From
Figure 17, it can be seen that the pressure loss in the cyclone is reduced mainly by using the
F-type rectifying element. Using it in the cyclone outlet tube reduced the power loss by
about 11% [8].

 
Figure 17. Pressure drop values for individual components used to straighten the flow inside the
cyclone outlet tube of Samsung Gwangju Electronics Co. Figure made by author based on data from
paper [83].
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Reference [84] presents a numerical and experimental study of four reciprocating
cyclone models with tangential inlet. In the three cyclone models, oblique (at an angle of
α = 45◦) bevels (notches) were made at the inlet of the outlet tube, which were deviated
from the cyclone inlet by the following angles: α = 45◦, 135◦ and 225◦. The simulation
results show that the separation efficiency of the cyclones that used outlet tubes with
notched cutoffs increased significantly compared to the separation efficiency of the original
cyclone. The largest increase in efficiency was obtained for the cyclone in which the bevel of
the outlet tube was deflected from the cyclone inlet by an angle α = 225. The experimental
results show that this cyclone model can remove particles with a diameter greater than
3.5 μm, while the original cyclone can only remove particles with a diameter greater than
3.5 μm. The separation efficiency of the original cyclone is 73% and that of the cyclone with
the modified outlet tube is 76%.

Wang et al. [85] conducted an experimental study of two cyclone models with single
and double inlet duct and with cylindrical and inverted cone outlet tube. The cyclone
with cylindrical outlet tube has higher separation efficiency and pressure drop for both
single and dual inlet channel cyclone. For dual inlet cyclones, the smaller the diameter
of the outlet tube (cylindrical or inverted cone), the higher the separation efficiency and
pressure drop.

The author of [40] presented the possibilities of modifying the outlet tube in a tangen-
tial inlet return cyclone, which can reduce the pressure drop (Figure 18).

 

(a) (b) (c) (d) 

Figure 18. Available shapes of an inner cyclone tube: (a) cylindrical tube—standard, (b) conical tube,
(c) cylindrical tube with streamlined inlet port and (d) tube with guide vanes. Figure made by author
based on data from paper [40].

The analysis presented here shows that there are a number of design options for
modifying the outlet tube to reduce the flow resistance through this element. Replacing the
traditional cylindrical outlet tube with a conical one. and introducing a streamlined shape
of the inlet opening of the outlet tube. can significantly reduce the flow resistance of the
cyclone without causing a decrease in filtration efficiency. The gas stream flowing out of
the cyclone through the outlet tube still performs an upward helical motion, resulting in
pressure losses. These losses depend on the geometry of the cyclone and can be up to 50%
of the total pressure drop in the cyclone. This remaining energy in the swirling stream can
be recovered or used to increase the cyclone’s filtration efficiency by installing a special
element, the deswirler (also called a de-swirler or straightening device), in the cyclone’s
outlet tube. This can significantly reduce the pressure loss when flowing through the outlet
tube. In the available literature, one does not encounter works analyzing the aerosol flow
through the outlet tube with the streamlined shape of the inlet opening edge (Figure 18c).

In order to prevent the transfer of the gas vortex motion to the cyclone dust settling tank
and lifting separated and already retained dust from it, a special container (settling tank)
is attached to the dust discharge opening—dipleg [87–96]. This method is recommended
for use in those cyclones, where extracting separated dust from the settling tank was
not applied, and in “short” cyclones, i.e., with a small ratio of the cyclone height H to
its diameter D. Problems of dust extraction from the settling tank of a multicyclone are
presented in other works [97,98].
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Elsayed et al. [87] studying the influence of the dimensions of the cylindrical dust
settling tank (height and diameter) on the cyclone performance showed that the optimal
design of the settling tank and the dipleg (an extended part of the lower part of the cyclone,
connecting the cyclone with the dust settling tank) leads to better separation efficiency than
a conventional cyclone. The authors of [88], using the CFD program, investigated the effect
of the dipleg shape (cylindrical, inverted cone, conical and diamond) on flow characteristics
and cyclone performance, as shown in Figure 19.They found that the dipleg geometry
significantly affects the pressure drop of the cyclone. The cylindrical dipleg generated
the highest pressure drop, while the lowest pressure drop was observed for the cyclone
without dipleg. Among the geometries tested, the highest separation efficiency was found
for the cyclone with a conical dipleg, while the diamond dipleg led to the lowest efficiency.

Figure 19. Different shapes of dust reservoirs (dipleg) of cyclones. Figure made by author based on
data from paper [83].

Kaya et al. [89] numerically investigated the particle filtration process inside two
cyclones whose conical part was extended by a cylindrical dipleg with a diameter equal
to that of the outlet opening. They found that the length of the dipleg significantly affects
the cyclone separation efficiency by providing a larger separation space and minimizing
the re-lift of separated particles. The calculated cyclone filtration efficiencies for different
inlet velocities in the range υ0 = 7–16 m/s and for particles with diameters of 1.5 μm are
shown in Figure 20a. A trend of increasing separation efficiency up to a dipleg length of
Ld = 38.5 mm can be seen. However, the cyclone separation efficiency begins to decrease for
inlet velocities less than 10 m/s. For higher inlet velocities, the cyclone efficiency assumes
significant values that remain almost constant. The optimum dipleg length, in terms of
maximum separation efficiency, is obtained with a parameter value of Ld/L = 0.5, where L
is the total length of the cyclone.

(a) (b) 

Figure 20. Cyclone separation efficiency for different inlet velocities depending on (a) dipleg length
Ld and (b) Ld/L parameter value. Figure made by the author based on data from the work [89].

In [90], the results of the separation efficiency of three cyclones with different lengths
of cylindrical diplegs and with an invariant dust settling tank are presented. It was shown
that the tangential velocity, axial velocity and turbulent kinetic energy in the settling tank
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decreased significantly when the dipleg length was extended. This means that the dipleg
dust settler can effectively prevent the re-entrainment of already separated dust. In addition,
the extended part of the dipleg increases the dust separation space, and thus the separation
efficiency increases, at the cost of a slightly increased pressure drop.

One of the methods of increasing separation efficiency of a cyclone is mounting an
additional element (cone) on the outlet of dust from the cyclone to the settling tank. The task
of this element, also called an apex cone, is to limit secondary circulation of separated
dust particles. It is very important to precisely select the diameter of the cone, the apex
angle, and its proper location. Incorrect selection of these parameters may block the bottom
outlet of the cyclone and hinder dust falling into the container, and thus reduce the cyclone
separation efficiency.

Therefore, in [91], using two research methods—computational fluid dynamics (CFD)
and experimental studies—the effect of 15 variants of geometric configurations of the
counter cone on the cyclone efficiency was analyzed. The geometry of the counter cone
was determined by the following parameters (Figure 16): Ds—diameter of the counter cone
(368, 436 and 520 mm), α—tip angle (85◦, 95◦ and 105◦), Bh—distance from the base of the
counter cone to the bottom outlet of the cyclone of diameter (0.1B, 0.15B and 0.35B).

It was found that the use of a counter cone in each of the geometric variants tested
led to an increase in cyclone efficiency. The results show that the counter cone should be
located above the bottom outlet of the cyclone (Figure 21a,c). The optimal position of the
counter cone (assuming maximization of separation efficiency) can be obtained when the
distance of the counter cone base from the bottom outlet is Bh = 0.15B (82.5 mm). The apex
angle of the counter cone should α = 85◦. An improvement in separation efficiency was
observed for particles smaller than 60 μm. This is due to the fact that the phenomenon
of particle re-entrainment concerns fine particles in particular, particles up to 15 μm in
diameter. The use of an apex angle with a value above 100◦ may be associated with the risk
of excessive agglomeration of particles in the counter cone area.

 

(a) (b) (c) (d) (e) (f) 

Figure 21. Examples of variants of analyzed geometric configurations of the counter cone [86].
(a–c)—cones with different values of angle α at the same height Bh above the diameter of the lower
(dust) outlet of the cyclone, (d–f)—cones with the same value of angle α at different heights Bh below
the diameter of the lower (dust) outlet of the cyclone.

The authors of [92–94] studied the apex angle of the counter cone at the dust outlet of
the cyclone in the range α = 40–80◦. They found that the optimal value of the angle due to
maximum separation efficiency is α = 70◦. Furthermore, they observed that increasing the
gap between the cone and the wall of the conical part of the cyclone increased the number
of small particles that enter the dust container.

The author of [95] compared two suggested locations of the cone (below the cyclone
outlet and in the conical part of the cyclone) using CFD. He concluded that placing the cone
below the conical part of the cyclone is more beneficial as it helps to increase the particle
separation efficiency.

Obermair et al. [96] experimentally studied cyclones with three different cyclone dust
outlet geometries: a cyclone with a dust trap with a cone at the cyclone outlet, and a cyclone
with a cylindrical dipleg. They found that in the case of a cyclone with a dust settler only,
the rotating flow goes from the cyclone cone to the settler, which causes the collected
particles to be entrained again. For the cyclone with an apex cone, an improvement in
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cyclone efficiency was achieved. Two design variants of the counter cone were analyzed.
In the first variant, the counter cone (apex angle α = 90◦) was located under the bottom
outlet of the cyclone. In the second variant, the counter cone (α = 120◦) was located above
the lower cyclone outlet. The latter solution led to an increase in separation efficiency by
2% and an increase in pressure drop from about 1.2 kPa to 1.4 kPa.

The cited examples indicate that the selection of appropriate dimensions of the dust
settling tank and mounting an additional element (cone) on the outlet of the dust cyclone
have a very significant impact on the performance of a single cyclone. However, the cyclone
modifications presented in the literature have been performed on single cyclones and tested
mainly for industrial use. Optimization of the size of the settling tank does not take into
account the condition of dust extraction.

The above analysis shows that:

(1) It is possible to improve cyclone performance in terms of reducing pressure drop
or increasing separation efficiency by modifying its design without changing its
main dimensions.

(2) The modifications of cyclones presented in the literature have been performed in
single cyclones and tested mainly towards their use for industrial purposes.

(3) There are no proposals for modifications of cyclones applicable to motor vehicle
air filters.

(4) The following solutions can be used to modify cyclones that are elements of a multi-
cyclone constituting the first stage of a motor vehicle air filter:

• Changing the cross-sectional geometry and shape of the inlet stub;
• Changing the shape of the outlet duct (outlet tube);
• Use of a streamlined shape of the inlet opening to the outlet duct.

3. Experimental Research on the Influence of the Modification of the Design of the
Tangential Inlet Reversible Cyclone on the Improvement of Separation Efficiency

3.1. Object of Research

The subject of the design modification was a tangential inlet return cyclone (D-40),
which is a component of an air filter multicyclone (Figure 22) for the inlet of tracked vehicle
engines operated under conditions of high dust concentration in the air. The parameters of
the cyclones are shown in Figure 23. The multicyclone is constructed of 96 D-40 cyclones,
which are arranged vertically and grouped in rows and columns. Dust removal holes are
connected to a common, for all cyclones, settling tank of separated dust. Dust from the
settling tank is removed ejectively by air stream QSF generated by an ejector located in
the stream of outgoing engine exhaust gases. Air to the cyclones Q0F flows in from the
surroundings through inlet ducts of a rectangular cross-section [97].

Figure 22. Tracked vehicle air filter: 1—porous baffle, 2—cyclone D-40 multicyclone, 3—dust trap,
4/5—right/left) suction port and 6—cleaned air port.

On the full engine power range, the averaged air flow velocities in the characteris-
tic cross-sections of the air filter and single cyclone are the inlet velocity to the cyclone
υ0 = 32 m/s, outlet velocity of cleaned air from the cyclone υw = 22.7 m/s and velocity in
the air filter outlet port υwF = 60 m/s, respectively.
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(a) (b) (c) 

Figure 23. Return cyclone with tangential inlet D-40: (a) general view, (b) functional diagram and
(c) characteristic dimensions.

The construction of this D-40 cyclone is simple (Figure 23). In the upper part of
the cylindrical hull, with internal diameter D = 40 mm, there is attached a tangentially
symmetrical inlet spigot with a rectangular cross-section with sides a = 40 mm and b = 8 mm.
The cylindrical outlet tube with internal diameter dw is situated coaxially in relation to
the cylindrical part of the hull and sunk into it to a depth of h. The cyclone outlet tubes
are connected by a common plate, which is the lower wall of the baffle filter housing.
The cylindrical cyclone hull is terminated by a cone, the opening of which, with a smaller
diameter de, provides a connection to the dust settling tank, which is a common dust
container for all cyclones.

3.2. Proposal for Modification of D-40 Cyclone Design

The tangential inlet return cyclone D-40, due to its simple design, is susceptible to
design modifications, as a result of which an improvement in performance can be expected
in the form of a reduction in pressure drop or an increase in separation efficiency. However,
design modifications should not compromise the basic dimensions of the cyclone, as this
can have the opposite effect.

From the information resulting from the analysis conducted in Chapter 2, it appears
that there are many opportunities to improve the performance of a tangential inlet return
cyclone without changing its basic geometric dimensions, which are shown in Figure 24.

(a) (b) (c) (d) (e) (f) 

Figure 24. Possible changes in the design of cyclone D-40: (a) original version, (b) changing the shape
of the inlet from symmetrical to asymmetrical, (c) using a spiral inlet described on the cyclone’s hull,
(d) giving a streamlined shape to the edges of the inlet opening of the outlet pipe, (e) changing the
cylindrical outlet pipe into a conical one and (f) using a special protective cone in the lower part of
the cyclone.
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The design modifications proposed in b and f seem to be technologically too compli-
cated and expensive in practical application. The use of special “protective” cones in the
lower part of the cyclone (Figure 24f) prevents the entrainment of dust already separated
there from the settling tank, and thus may increase the efficiency of air filtration in the
cyclone. This method is recommended for use in those cyclones where extracting separated
dust from the settling chamber is not applied, and in “short” cyclones, i.e., with a small
ratio of the cyclone height H to its diameter D. Cyclone D-40 is characterized by a small
value of the H/D parameter, but dust is extracted from the settling chamber in a continuous
manner. Structural changes of the cyclone presented in points d and e are aimed at reducing
pressure losses during air flow through the outlet pipe. Their share in the total flow losses
in the cyclone is estimated at 75–90%. Therefore, in order to modify the design of cyclone
D-40, the following solutions were selected and applied:

A An asymmetrical shape of the inlet spigot was used instead of a symmetrical one,
while maintaining the previous size and shape of its cross-section at the inlet to the
cylindrical part (Figure 24);

B A streamlined shape was given to the edges of the inlet opening of the outlet tube
(Figure 25);

C A tapered outlet tube was used (Figure 26).

Figure 25. Preliminary test results of tracked vehicle air filter cyclones: (a) cyclone flow characteristics
and (b) nominal cyclone pressure drop values.

Figure 26. Modification A of cyclone D-40 design: (a) original (symmetrical) inlet channel shape and
(b) asymmetrical inlet channel—Version W1.
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The modifications were performed successively (without eliminating the previous
ones) on one specimen of the cyclone. As a result, three versions of the modified cyclone
were obtained:

• Version W1—modification element A;
• Version W2—elements of modification A + B;
• Version W3—elements of modification A + B + C.

After the implementation of the next elements of modification A, B and C, tests were
carried out on the efficiency and accuracy of filtration and pressure drop.

Three pieces of cyclones D-40 were selected to perform the proposed modifications
of the design. For this purpose, preliminary tests were carried out; flow characteristics of
any nine pieces of cyclones D-40 in the air flow range QG = 6–34 m3/h were performed
(Figure 25). Three copies of cyclones No. 1, No. 6 and No. 9, whose pressure drops are
close to the average value of the pressure drop of the nine tested cyclones, were selected to
perform modifications and further tests (Figure 25b).

The design of the asymmetrical inlet consisted in rotating by an angle β = 60◦ the side
(inner) wall of the inlet channel while maintaining the height b of the channel and its width
a at the inlet to the cylindrical part of the cyclone as well as the length c of the channel
(Figure 26). This causes a significant amount of dust mass to be directed (already at the
inlet) towards the outer wall of the cylindrical part of the cyclone, which naturally facilitates
the concentration of dust on the outer wall of the cyclone. This may cause, as proved by
the research results presented in [79], an increase in the cyclone separation efficiency.

Modification B of cyclone D-40 consisted of making the edges of the inlet opening of
the two outlet tubes streamlined (Figure 27). The streamlined shape of the inlet opening of
the outlet tube was given by applying a ring tapering in the upward direction of the cyclone
on the surface of the outlet tube from the external side. The wall of the outlet tube with a
thickness of g = 1 mm and the superimposed ring was rounded with a radius of R = 2 mm,
maintaining the internal diameter of the outlet tube dw. The resulting narrowing of “z”
between the internal wall of the cyclone and the external surface of the ring (Figure 27)
causes an increase in gas flow velocity at this point, but this should not have a significant
effect on the increase in pressure drop of the cyclone.

(a) (b) (c) 

Figure 27. Modification of D-40 cyclone design—Version W2: (a) original cyclone version, (b) modifi-
cation component B and (c) modification A + B.

This eliminated the contraction phenomenon that occurs when air enters the inlet
tube opening with sharp edges. The contraction phenomenon caused narrowing of the
cross-sectional area of the stream Ak, as a result of which it is smaller than the cross-sectional
area of the inlet opening Aw (Figure 28). There is an increase in flow velocity at this location
and consequently an increase in pressure drop.
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(a) (b) 

Figure 28. Air inflow into the cylindrical tube: (a) with sharp inlet opening edges and (b) with
streamlined inlet opening shape.

Modification C of cyclone D-40 consisted of replacing the existing cylindrical outlet
tube of inner diameter dw with a tube of truncated cone shape, the smaller diameter of
which equals the inner diameter of the outlet tube dw = 23 mm (Figure 29). The conical
outlet tube was made as a diffuser with an opening angle of αs = 7◦. For this value of the
angle, there is no detachment of the jet from the walls or formation of vortices, and the
pressure drop coefficient has the smallest value [98]. Therefore, in the duct after the cyclone,
there is a decrease in the velocity of the flow in the air and thus a decrease in the pressure
drop of the cyclone represented by the relation:

Δp = ξ
ρp·υ2

w

2
, (10)

where ρp is the density of air and ξ is the resistance coefficient of air flow through cyclone.

(a) (b) (c) 

Figure 29. Modification of D-40 cyclone design—Version W3: (a) original cyclone version, (b) element
C of modification and (c) modification A + B + C.

3.3. Experimental Testing of Cyclones

The specific aim of the research was to determine the effect of performed construction
modifications of three (No. 1, No. 6 and No. 9) copies of cyclones D-40 on their perfor-
mance. After each performed modification of the cyclone construction, its influence on the
characteristics was evaluated:
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• Separation efficiency ϕc = f (QG);
• Pressure drop Δpc = f (QG).

After performing the last element of cyclone modification (element C), cyclone fil-
tration accuracy was additionally determined by measuring the number and size of dust
grains in the air stream QG behind the cyclone:

• Filtration accuracy dzmax = f (QG).

The above characteristics were also performed for three (No. 1, No. 6 and No. 9)
copies of cyclones D-40 before their modification.

3.3.1. Methodology and Test Conditions

Testing of the D-40 cyclones was performed on a special stand, the diagram of which is
shown in Figure 30. Testing was performed for an air stream within the range QGmin–QGmax
resulting from the number of cyclones used in the filter multicyclone and the demand
of air by the engine (within the rotational speed range nmin–nmax), for which the filter is
intended. Thus, the cyclone outlet air flow rate was changed in the range QG = 6–34 m3/h,
which corresponds to the velocity in the cyclone outlet duct υw = 4–22.7 m/s. Tests were
conducted with the assumed constant concentration of dust in the air s = 1 g/m3 with test
dust and degree of ejective dust extraction from the cyclone settling chamber m0 = 8%.

Figure 30. Schematic of cyclone test stand: 1—cyclone; 2—dust settler; 3—dust chamber; 4—dust
dispenser; 5—absolute filter of dust extraction duct; 6—liquid manometer U-tube; 7—cyclone pressure
drop measuring duct; 8—particle counter; 9—ambient air temperature, pressure and humidity
measuring set; 10—measuring probe; 11—absolute filter of main duct; 12, 13—rotameters of main
and extraction flux measuring, respectively; 14—fan producing air flux.

The stand was equipped with a particle counter enabling determination of the number
and size of dust grains in the air stream behind the cyclone from the range of 0.7–100 m,
in i = 32 measurement intervals, limited by the diameters (dpimin–dpimax). The widths of
the measuring compartments could be freely programmed. The sensor of the device is
adapted to work at the maximum concentration of pollution particles in the air up to
1000 pieces/mL, which corresponds to the mass concentration of air dust s ≈ 0.25 g/m3.

The measuring line was terminated with an absolute filter, which is used to determine
the mass of mAG dust flowing through the cyclone and, consequently, to determine the
separation efficiency c of the cyclone. At the same time, the absolute filter prevented dust
from entering the rotameter. The duration of one measurement (time of uniform dosing
and distribution of test dust at air dust concentration s = 1 g/m3) was assumed tpom = 3 min.
The test dust used was PTC-D, which is a domestic substitute for AC-fine dust, whose
granulometric and chemical composition is given in Figure 31 [99].
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(a) (b) 

Figure 31. PTC-D test dust: (a) size distribution and (b) chemical composition [99].

The separation efficiency c of the cyclone was determined by the mass method for
successively determined values of the air stream within the range QG = 6–34 m3/h (in
equal intervals, every 4 m3/h) and for corresponding values of the suction flows QS for the
assumed degree of ejection of dust from the cyclone settling pond m0 = 8%.

For each measurement point p = I, II, III . . . k, starting from QG = 6 m3/h, j = 5 measure-
ments were made successively, calculating for each measurement the separation efficiency
ϕcj of the cyclone from the relation:

ϕcj =
mzcj

mDcj
·100%, (11)

where mZcj is the dust mass retained by the cyclone and mDc is the dust mass dosed to the
cyclone at the assumed time tpom.

The mass of dust dosed to the cyclone mDcj was determined after each measurement
as the difference of the mass of the doser before and after the measurement. The mass of
dust retained by the cyclone was determined after each measurement from the relationship:

mzcj = mDcj − mAGj, (12)

where mAGj is the mass of dust retained by the absolute filter of the main duct determined
as the difference of the mass of the absolute filter after and before the measurement.

The mass of the dust dispenser container and the mass of dust retained by the absolute
filter were determined with an analytical balance with a measuring range of 220 g and an
accuracy of 0.1 mg.

The pressure drop Δpc of the cyclone was determined after each measurement (com-
pletion of dust dosing) based on the measured static pressure Δhm (mm H2O) at a distance
of 6 dw from the front plane of the cyclone hull, where dw is the internal diameter of the
cyclone outlet duct.

The dust concentration in the cyclone inlet air was determined after each measurement
using the relation:

sj =
mDcj

Q0cj·tpom
=

mDcj(
QGcj + QScj

) , (13)

where tpom is the time at which the dust mass mDcj was dosed uniformly into the cyclone
inlet air stream Q0.

After a cycle of j = 5 measurements at a given measurement point p, the average values
of separation efficiency, pressure drop and dust concentration in the air were calculated.

During the measurement, at time tcz = 1
2 tpom, the procedure of measuring the number

and size of dust grains in the cyclone outlet air was started in the particle counter. The Upi
contribution of dust grains from each measurement interval (dpimin–dpimax) to the total
number of dust grains from all measurement intervals i was calculated.
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Upj =
Ni

∑32
i=1 Ni

. (14)

The largest dust grain size dpimax in the cyclone exhaust air was read from each
measurement interval (dpimin–dpimax), which is the filtration accuracy of the cyclone under
these conditions.

3.3.2. Analysis of Test Results of Original Version Cyclones

The characteristics of separation efficiency ϕc = f (QG) of three (No. 1, 6 and 9) cyclones
D-40 in the original version differ slightly as to the value (Figure 32), but their course is
similar and consistent with the information given by many authors of research papers.
With the increase in the value of the air stream QG, the separation efficiency ϕc of the tested
cyclones increases rapidly and, in the range QG = 18–26 m3/h (υw = 12–14.7 m/s), reaches
the maximum value ϕcmax ∼= 94.8%, after which it decreases slightly, and at the value of
the stream QG = 34 m3/h, it reaches varied values of the separation efficiency in the range
93.8–94.2%.

(a) (b) 

Figure 32. Characteristics of the original D-40 cyclones: (a) separation efficiency ϕc = f (QG) and
pressure drop Δpc = f (QG); (b) separation efficiency and accuracies ϕc = f (QG), dpmax = f (QG).

Such a course of changes in the separation efficiency ϕc = f (QG) is mainly the result of
mutual relations between the inertia force Pd acting on the dust grain and the aerodynamic
force PR of the gas stream interaction. Along with an increase in the stream of air flowing
through the cyclone (flow velocity), the values of both forces are increasing, and for higher
values of the stream (in the tested cyclone, after exceeding QG = 18 m3/h), the increase
in the aerodynamic force PR begins to be faster than the inertia force Pd, which causes
braking the movement of grains; thus, their secondary entrainment by the stream (vortex)
of air outlet from the cyclone may occur. As a consequence, the separation efficiency of
the cyclone decreases. On the other hand, according to the authors of [79], the decrease in
effectiveness is also caused by the fact that large dust grains hitting the cyclone wall at high
speed are reflected, and then they are again entrained by the air stream and carried with it
to the cyclone outlet.

The pressure drop of the selected cyclones changes parabolically in the range of the
tested flux and, for the maximum value of QGmax = 34 m3/h, is in the range of 3.01–3.11 kPa.
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The change in separation efficiency ϕc of the cyclones and the simultaneous change in
the size of the maximum dpmax of the dust grains found in the exhaust air from the tested
cyclones in the original version is shown in Figure 32. A clear relationship between the
two parameters can be seen. An increase in the air flow rate in the range QG = 6–22 m3/h
causes an intensive increase in the separation efficiency ϕc of the cyclones and a decrease
in the size of the maximum dust grains dpmax, which for QG = 6 m3/h, take values in
the range dpmax = 27.1–28.9 μm. With a further increase in the air flow rate QG, there is
a slight decrease in the separation efficiency c of the cyclones and an increase in the
size of the maximum dust grains dpmax. For QG = 34 m3/h, the sizes of dust grains
dpmax = 18.3–23.9 μm.

The presence of large dust grains in the air behind the cyclone at higher air flow rates
may be due to the fact that the dust grains, while performing a swirling motion, hit the
cyclone wall at high speed, bounce off it and then are again entrained by the air flow
and lifted to the cyclone outlet. These are individual grains, but of large size and mass.
Therefore, the dust grain with the largest size dp = dpmax found in the air behind the cyclone
was used as a criterion for evaluating the accuracy of air filtration in the cyclone.

The PTC-D test dust used for testing, which is a representation of road dust sucked
together with the intake air for motor vehicle engines, is a polydisperse dust of varied chem-
ical composition (Figure 30) with a dominant share of SiO2 silica. The chemical composition
of the dust makes the grains have different densities, which for the main components of the
dust have a value in g/cm3: for silica SiO2—2.65, for alumina Al2O3—3.99, for iron oxide
Fe2O3—5.24 and for calcium oxide CaO—3.40. Therefore, the dust grains with the same
volume have a different mass, which determines the force of inertia. In addition, the dust
grains have an irregular shape, which affects the value of the aerodynamic force PR. For
these reasons, the separation in the cyclone from the air containing road dust grains of
grains only above a certain diameter dpgr is impossible, as shown in Figures 33 and 34.

Figure 33. Numerical contributions of Up of dust grains in the air upstream and downstream of the
tested cyclone D-40 (No. 1—original version) for different values of air flow QG.
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Figure 34. The numerical proportion of dust grains in the air downstream of the tested cyclone D-40
(No. 1—original version) and the maximum dust grain size dpmax for different values of airflow QG.

For the test dust used in this study, the grains do not exceed the size of dpmax = 80 μm.
The experimentally determined granulometric composition of the PTC-D test dust (Up
number shares of dust grains) in the inlet air to cyclone No. 1 (original version) is shown
in Figure 33. With the increase in the size of dust grains, the Up number shares take on
increasingly larger values to reach a maximum value of Upmax = 16% for dp = 4 μm, after
which they decrease sharply again. For grain sizes dp = 15 μm, the numerical proportion
Up does not exceed 1.5%. The dust in the outlet air from the cyclone has a significantly
different granulometric composition than at the inlet. The maximum values of the Up shares
occur for dust grains with the smallest size registered by the counter, i.e., for dp = 0.7 μm,
and then, along with an increase in the size of grains, they decrease rapidly. In the last
measurement interval, there is usually one dust grain of size dp = dpmax, and its value
depends on the value of the air stream flowing through the cyclone (Figure 34). Similar
results were obtained by the author of [100], testing a tangential inlet return cyclone with
diameter D = 31.1 mm in the range of air flow rate QG = 30.24–66.24 m3/h using test dust
with the density ρzp = 0.98 g/cm3.

The numerical shares of Up of the dust grains and the size of the dust grain dpmax in
the air behind the cyclone decrease with the increasing air flow rate (flow velocity), but
only up to a certain value of QG ≈ 22 m3/h (υw = 14.7 m/s). With a further increase in the
flux QG, there is again an increase in the value of Up and the particle size of dust dpmax.

In the case of the investigated cyclones, a characteristic dust grain size dpmax of
dp ≈ 3.1 μm can be observed, whose numerical shares of Up in the air behind the cy-
clone do not depend on the value of the air flow QG. For the same measurement intervals,
with an increase in the value of the air flow in the range QG = 6–22 m3/h, the numerical
shares Up of the dust grains with sizes above dp ≈ 3.1 μm decrease, and below this value
they increase—Figure 35. An increase in the numerical shares Up of the dust grains with
sizes below dp ≈ 3.1 μm may indicate that these grains are not retained in the cyclone and
are left together with the air.

237



Energies 2022, 15, 3871

Figure 35. Numerical contribution of Up of dust grains in the air behind the tested cyclone D-40
(cyclone No. 1—original version) for different values of air flow QG.

Theoretically, in the air behind the cyclone at fixed flow conditions (constant value of
QG flux), there should be only dust grains below a certain limit size dpgr, the value of which
can be determined from the relation given in [34,38] and modified by the author:

dpgr =
3
2

√
A0

Aw

D
υ0

(
D
dw

)−(2m+1)(hw

dw

)−1 μg

ρzp
(15)

where m is the power exponent of the equation contained in the range 0.5–0.9, μg is the gas
viscosity and ρzp is the density of dust grains.

In the case of the tested cyclone, calculated according to Equation (6) for the basic
components of dust (SiO2, Al2O3 and Fe2O3), the dimensions of the limit grains dpgr take
the values presented in Table 2.

Table 2. Results of calculations of the limit size dpgr of the dust grains.

QG
(m3/h)

υ0

(m/s)

dzgr (μm)

SiO2

ρzp = 2.65 g/cm3
Al2O3

ρzp = 3.99 (g/cm3)
Fe2O3

ρzp = 5.24 (g/cm3)

6 5.65 2.23 1.85 1.59
22 20.6 1.16 0.96 0.84
34 31.8 0.94 0.79 0.68

The calculated dzgr sizes vary slightly and take very small values (0.68–2.23 μm), much
smaller than the dust grain sizes dpmax recorded in the air behind the cyclone under study.
As the air flow rate through the cyclone QG and the density of dust grains increase, the dzgr
sizes take on smaller and smaller values, which is consistent with the general theory of
cyclone operation.

3.3.3. Analysis of Test Results of Cyclones with Modifications

Results of tests of the influence of successive (A, B and C) elements of cyclones
construction modifications on the characteristics of separation efficiency ϕc = f (QG) and
pressure drop Δpc = f (QG), are presented on the example of cyclone No. 1. Replacement of
the symmetrical inlet with an asymmetrical inlet (version I of the cyclone—modification
element A) causes an increase of approx. 4% of separation efficiency of cyclone c in the range
of flux QG = 6–22 m3/h, with preservation of the previous character of the modification
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Figure 36. This slight increase in separation efficiency could be caused by the fact that the
asymmetrical inlet ensured obtaining such a distribution of dust in its cross-section, in
which its basic mass was gathered at the external wall of the cylindrical part of the cyclone.
Movement of dust grains towards the walls causes an increase in dust concentration in
their vicinity. As a result of grains colliding with each other at the cyclone walls, dust
coagulation may occur, which consequently increases the effect of gravitational force and
accelerates dust release, especially of small grains. Changing the shape of the inlet port did
not cause any noticeable changes in the pressure drop Δpc = f (QG) in relation to the course
and value.

Figure 36. Change in separation efficiency ϕc = f (QG) and pressure drop Δpc = f (QG) of cyclone D-40
(No. 1) for successive A, B and C cyclone design modification elements.

Application of the streamlined shape of the inlet hole of the outlet pipe (version II of
the cyclone—elements of modifications A + B) caused a further increase (about 0.5%) of
separation efficiency c of the cyclone in the range QG = 6–22 m3/h. Above QG = 22 m3/h,
an opposite effect of A + B modification was observed, as a slight decrease of separation
efficiency of the cyclone took place. At the same time, there was an approximately 6%
increase in pressure drop pc caused most likely by the increase in aerosol velocity in the
“z” constriction, which was created after making a streamlined ring on the outer surface of
the outlet tube (Figure 28). The increase of aerosol velocity in the “z” constriction caused
the dust grains of smaller size and mass to acquire the velocity and inertial force necessary
to separate them from the air, which was reflected in the increase of cyclone separation
efficiency in the range of smaller QG air flows. Thus, the maximum cyclone separation
efficiency had a higher value of ϕc = 94.77% and moved its position from QG = 22 m3/h to
QG = 18 m3/h.

Replacement of the cylindrical outlet tube with a conical one with preservation of the
original inner diameter of the dw hole and expanding towards the outlet together with the
streamlined shape of the inlet hole (version III of the cyclone—elements of modification
A + B + C) caused, first of all, a significant decrease. The decrease in pressure drop of the
cyclone results from the decrease (from υw = 22.7 m/s to υw = 14 m/s for QG = 34 m3/h) of
the outlet velocity in the cyclone, which happens as a result of increasing the diameter of
the cyclone outlet pipe. There was also a non-significant decrease in separation efficiency,
compared to the cyclone version II, over the entire range of air flow values QG.

The change of separation efficiency c and the change of the size of the maximum dpmax
of the dust grains in the air behind the tested cyclone No. 1 in the original version and
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the cyclone version III (elements of the modifications A + B + C) are shown in Figure 37.
There is a clear decrease in the size of the maximum dpmax of the dust grains for the extreme
values of the air flow (QG = 6 m3/h and QG = 34 m3/h) and an increase in this size for the
middle values of QG.

Figure 37. Variation of separation efficiency ϕc = f (QG) and maximum dust grain size values
dpmax = f (QG) in the QG exhaust air stream of cyclone No. 1 and No. 6 in the original version
and after design modification—version III.

The design modification performed on the cyclones primarily resulted in a significant
approximately 30% decrease in cyclone pressure drop compared to their original version.
There was a slight (about 1%) increase in separation efficiency c of cyclones for lower values
(QG = 6–22 m3/h) of air flows.

For the remaining two specimens of cyclones D-40 (No. 6 and No. 9), the modification
of the design into successive elements A, B and C caused similar changes as in cyclone No. 1
in the characteristics of separation efficiency ϕc = f (QG) and filtration accuracy dpmax = f (QG)
and pressure drop Δpc = f (QG) in relation to the course and values (Figure 37).

The modification of the cyclone resulted in an increase in the fractional efficiency of
the cyclone, as evidenced by a decrease in the proportion of the maximum size dpmax of
dust grains in the air downstream of the cyclone in terms of the minimum and maximum
values of the air flow rate QG passing through the cyclone.

From the test results presented in Figures 36 and 37, it can be seen that the D-40
cyclone should operate within a narrow range of changes in air flow QG = 18–26 m3/h,
resulting from maximum separation efficiency and minimum concentration of large-sized
dust grains. Widening this range will cause the cyclone to operate at a lower separation
efficiency and lower filtration accuracy, which will increase the mass of dust retained on
the second filtration stage, and thus cause an accelerated increase in its pressure drop.

4. Conclusions

In this paper, an experimental evaluation of a tangential inlet reciprocating cyclone
design modification of an air filter multicyclone was performed to increase the filtration
efficiency of the inlet air to a tracked vehicle engine. Three modifications to the cyclone
design were proposed and performed on three specimens. The symmetrical inlet of the
cyclone inlet channel was replaced with an asymmetrical inlet. The cylindrical outlet tube
was modified and replaced with a conical tube, and the edges of the inlet opening were ad-
ditionally given a streamlined shape. After each modification performed, an experimental
evaluation of the cyclone design changes was performed. The influence of the modifica-
tions on the cyclone’s efficiency and flow resistance characteristics was examined. Next,
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modifications of the cyclone were performed on the same specimen without removing
the previous modifications. Tests were performed in the air flow range QG = 5–30 m3/h
resulting from the operation of the engine in the rotational speed range nmin–nN. Polydis-
perse test dust with grain size range dpmax = 80 μm was used for testing. Improvements in
cyclone performance were obtained in terms of filtration efficiency and accuracy as well as
pressure drop. The following conclusions were drawn from the conducted research:

(1) Although there are many structural possibilities of increasing the effectiveness of
cyclones, not all solutions, due to their too complicated construction, can be used in
cyclones used in motor vehicle engine inlet air filters. The effect in the form of an
increase in separation efficiency or a decrease in flow resistance may be dispropor-
tionally small in relation to the costs incurred.

(2) To modify the cyclones, which are the elements of the multicyclone of the motor vehi-
cle air filter, the following solutions can be used practically: change of the shape of the
inlet port—replacement of the symmetric inlet with an asymmetric one, introduction
of a streamlined shape of the inlet opening of the outlet duct and change of the shape
of the outlet duct (outlet tube) from cylindrical to conical. It may be technologically
difficult to make a streamlined shape of the outlet tube inlet opening.

(3) The separation efficiency of the tested cyclones (reciprocating cyclones with tangential
inlet) with respect to polydisperse dust with grain size up to dpmax = 80 μm increases
with the increase of air flow QG (inlet velocity 0) up to the value of ϕcmax = 94.8%, and
then slightly decreases. Such a character of the course of ϕc = f (QG) and the values of
the obtained efficiencies are consistent with the information provided in the literature
by the authors of research papers.

(4) For steady flow conditions (QG = const.), the number of dust grains in the air be-
hind the cyclone systematically decreases as their size increases until they disappear
completely. In the last measurement interval, there is usually one dust grain with
a maximum size of dp = dpmax, which indicates the filtration accuracy. As the air
flow rate QG increases, the dimension of the dust grain dpmax takes on smaller and
smaller values, which corresponds to the maximum filtration efficiency, after which it
increases again. There is no clear separation (at the boundary grain size dpgr) between
the dust grains retained by the cyclone and those leaving the cyclone with the air.
The reason for this phenomenon is the polydispersity of the dust, the density, size and
shape of the dust grains.

(5) Modification of the design of cyclones does not cause significant changes in the
characteristics of separation efficiency ϕc and pressure drop Δpc. A visible effect of
the performed modifications of the cyclones’ construction is, first of all, a significant
30% decrease in the pressure drop within the whole range of the examined flux QG,
which is an effect of replacing the cylindrical cyclone outlet tube with a conical one.
In addition, there is an approximately 1% increase in separation efficiency ϕc in the
range of the smallest values of air flux QG and a shift in the maximum separation
efficiency ϕcmax towards smaller values of air flux QG, which may result from the use
of an asymmetrical inlet duct and the streamlined shape of the inlet opening of the
outlet tube.

(6) Modification of the cyclones by elements A, B and C results in a clear decrease in the
dimensions of the maximum dpmax of the dust grains for the extreme (QG = 6 m3/h
i QG = 34 m3/h) values of the air stream (Figure 37) and an increase in the dimen-
sions dpmax for the air stream in the range QG = (14–26) m3/h. At the same time, in
this range, the cyclone obtains the maximum values of cyclone filtration efficiency,
which indicates the range of air stream in which the operation of this cyclone should
take place.

In this study, the filtration efficiency of a single cyclone was improved by making
three modifications to its design. The activities brought the expected results in terms
of improving the filtration efficiency of the cyclone, so it is advisable to conduct further
research on tangential inlet return cyclones in terms of increasing the separation efficiency
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and accuracy and reducing the pressure drop. Other modifications of this cyclone are
possible, such as using a special cone on the outlet of separated dust, using more inlet
channels or changing the inlet channel to a diagonal one that is directed upwards. This
will be the subject of further research by the author. In the available literature there are
results of positive research in this area. However, modifications should be performed and
evaluated experimentally on a selected cyclone. Experimental research is expensive and
labor intensive, but it is the most reliable research method.
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95. Kępa, A. The efficiency improvement of a large-diameter cyclone—The CFD calculations. Sep. Purif. Technol. 2013, 118, 105–111.
[CrossRef]

96. Obermair, S.; Woisetschläger, J.; Staudinger, G. Investigation of the flow pattern in different dust outlet geometries of a gas
cyclone by laser Doppler anemometry. Powder Technol. 2003, 138, 239–251. [CrossRef]

97. Dziubak, T. Experimental Studies of Dust Suction Irregularity from Multi-Cyclone Dust Collector of Two-Stage Air Filter. Energies
2021, 14, 3577. [CrossRef]

98. Bukowski, J. Mechanika Płynów; PWN: Warszawa, Poland, 1968. (In Polish)
99. PN-ISO 5011; Filtry Powietrza do Silników Spalinowych i Sprężarek. PKNM: Warszawa, Poland, 1994. (In Polish)
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Combustion Engines
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Abstract: Small dust grains cause a higher intensity of increase in the flow resistance of the fibrous
filter bed, which, due to the established value of the permissible resistance, results in a shorter period
of operation of the air filter and the vehicle. At the same time, the mass of dust per unit of filtration
area takes on smaller values. Such a phenomenon occurs in the two-stage “multicyclone-baffle filter”
engine inlet air filtration system. The main objective of this study was to experimentally determine
the mass of dust retained per unit of filtration area (dust absorption coefficient km) of the PowerCore
filter bed operating under two-stage filtration conditions, which cannot be found in the available
literature. The original methodology and conditions for determining the dust absorption coefficient
km of a PowerCore filter bed operating under two-stage filtration conditions are presented. Tests were
carried out on the characteristics of filtration efficiency and accuracy, as well as on the flow resistance
of a filtration unit consisting of a single cyclone and a PowerCore test filter with an appropriately
selected surface area of filter material. During the tests, conditions corresponding to the actual
conditions of vehicle use and air filter operation were maintained, including filtration speed and
the dust concentration in the air. The experimentally determined dust absorption coefficient of the
PowerCore research filters operating in a two-stage filtration system took on values in the range of
km = 199–219 g/m2. The dust absorption coefficient km of the PowerCore research filter operating
under single-stage filtration conditions reached a value of km = 434 g/m2, which is twice as high.
Prediction of the mileage of a car equipped with a single-stage and two-stage “multi-cyclone-partition”
filtration system was carried out, showing the usefulness of the experimentally determined dust
absorption coefficients km.

Keywords: PowerCore filter bed; separation efficiency and accuracy; pressure drop; dust absorption
coefficient; two-stage air filter; vehicle internal combustion engine

1. Introduction

Along with the air drawn in from the atmosphere, engines suck in significant amounts
of natural pollutants resulting from environmental activities (e.g., volcanic eruptions, forest
fires, peat bogs, dust storms, flower pollen, mold particles, plant spores, bacteria, fungi,
mites) and artificial (i.e., anthropogenic) pollutants, the source of which is industry and
motorization. Industry is mainly a source of dust and toxic gases, while motorization is
a source of toxic gases (e.g., CH, CO, NOx), lead compounds, PM (particulate matter),
dust from the wear of brake friction linings and clutch discs, and dust from the wear
of wheel tires and road surfaces. Due to their mass, dirt particles fall to the ground
at different speeds, the value of which depends on the particle’s diameter and density.
The reciprocal relationship between the drag force of the medium and the gravitational
force is also important. The speed of descent increases significantly with increasing grain
diameter. Particles smaller than 0.1 μm undergo random Brownian motion, resulting from
collisions with gas particles and only slightly from collisions with other dust particles,
whose motion, in turn, is mainly driven by moving gas particles. Particles between 0.1
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and 1 μm have settling velocities in still air that are small compared to wind speeds.
Particles larger than 1 μm have noticeable but small settling velocities. Particles above
about 20 μm have high settling velocities and are removed from the air by gravity and
other inertial processes. The approximate settling velocities for particles with a density of
1000 kg/m3 are 0.1 μm—4 × 10−7 m/s, 1 μm—4 × 10−5 m/s, 10 μm—3 × 10−3 m/s, and
100 μm—3 × 10−1 m/s [1]. On the other hand, silica SiO2 grains (density: 2650 kg/m3) of
10, 50, and 100 μm fall with velocities of 0.08, 0.19, and 0.7 m/s, respectively. The mixture
of many solid contaminants settled on the ground forms road dust, which—as a result of
the movement of vehicles or by the wind—is lifted from the ground into the atmosphere,
from where it is sucked up by engine intake systems.

The main component of engine inlet air pollution (road dust) is mineral dust, and its
main components are silica (SiO2) and alumina (Al2O3). The dust mass share of these two
components is in the range of 65–95%, depending on the substrate. The presence of other
components in the dust (e.g., Fe2O3, MgO, CaO, K2O, Na2O, and SO3) is at the level of
1–5% [2–4].

Silica and alumina have hardness of 7 and 9 on the Mohs scale, respectively, where
diamond—as the hardest mineral—has 10. The mineral grains have a very irregular poly-
hedral shape with sharp edges. Therefore, they are the main cause of accelerated abrasive
wear of two frictionally cooperating engine parts, including the T-P-C (piston–piston rings–
cylinder liner) and crankshaft–pan pivot. Excessive wear of the T-P-C association causes
an increase in combustion chamber leakage, which is the reason for the “escape” of fresh
charge into the crankcase. As a result, there is a decrease in compression pressure and
engine power, and an increase in specific fuel consumption and exhaust emissions [5,6].

In order to reduce friction losses and wear on the main components of a piston internal
combustion engine, wear-resistant coatings applied to the sliding surfaces of piston rings
and cylinder faces are appropriate [7,8]. A significant reduction in friction losses in an
internal combustion engine can be achieved by ensuring the continuity of the oil film
through appropriate selection of the shape of the sliding surfaces of both the upper and
lower sealing rings [9].

Ensuring adequate cleanliness of the inlet air to the internal combustion engines of
motor vehicles and work machinery, and thereby minimizing the wear of friction asso-
ciations and achieving long life of the assemblies, is still an important operational and
design problem, especially when tracked vehicles in a column are driven over sandy terrain.
Air dust concentrations then take on values of more than 1 g/m3. The condition of the
ground due to precipitation, the direction of the wind, the conditions in which the vehicles
are moving, and the type of running gear cause the dust concentration in the air to reach
different values (Table 1).

Table 1. Dust concentrations in the air for different vehicle traffic conditions.

Author Ambient Conditions Value (g/m3)

[10,11] Moving column of tracked vehicles in dry
desert conditions 20

[12] Dusty environments 0.001–10

[13] Cars moving on highways 0.0004–0.1

[13] Moving columns of vehicles on dry,
sandy terrain do 0.03–8

[14]

An all-terrain vehicle moving a distance of
several meters behind the column driving on

sandy terrain at 30 km/h:
A column of tanks; 1.17

A column of armored personnel carriers; 0.62
A column of trucks. 0.18
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According to the authors of [15], at dust concentrations in the range of 0.05–0.7 g/m3,
visibility is reduced, and when the value of 1.5 g/m3 is exceeded, visibility becomes zero.

For filtration of the intake air of modern passenger car engines, air filters are used with
a filter cartridge, most often made of pleated paper, with a low and limited absorbency (in
the range of 150–250 g/m2), but characterized by high accuracy above dp = 2–5 μm and
high separation efficiency above ϕ = 99.5%. A mid-range passenger car requires about
200–300 m3 of air per hour for the fuel–air mixture. At a dust concentration in the vehicle’s
environment of s = 5 mg/m3, the engine sucks in less than 400 g of dust along with the
air over the course of 20,000 km, requiring 2 m2 of filter paper area. Trucks, working and
agricultural machinery, and special vehicles are equipped with large-displacement and
high-power CI engines, which require an air flow of 2000–4000 m3/h or more. More than
170 kg of dust enters the engine of a special vehicle (Vss = 38.8 dm3) operated at an average
speed of V = 20 km/h on dirt roads (s = 1 g/m3) along with the air during a 1000 km run.
Stopping such a large mass of dust is possible only through two-stage filters, where the
first stage of filtration is an inertia filter (multicyclone, i.e., dozens of cyclones arranged in
parallel), and the second is a filter paper cartridge (Figure 1). The essence of the operation of
the two-stage filter is that inertia filters are able to separate significant masses of dust from
large streams of polluted air (with an efficiency of 86–97%), without an increase in pressure
drop, but with a low accuracy below 15–35 μm. This is evident from the literature [16–20],
as well as from the single-cyclone tests performed by the author [21,22].

Figure 1. Variation in the pressure drop of a single-stage air filter (paper cartridge) and a two-stage
air filter operating in a “multicyclone-paper cartridge” system.

Only a small fraction (about 10%) of the dust mass sucked in with the inlet air reaches
the second stage of filtration (paper cartridge). Since the porous baffle has limited absorp-
tion capacity, the operating time of the two-stage engine air filtration system to reach the
permissible pressure drop of the filter Δpfdop (5–8 kPa) is much longer than that of the baffle
filter alone under the same dusty air conditions, increasing the vehicle’s service interval
(Figure 1).

A Multicyclone is a device built of individual cyclones; the diameter of the cylindrical
part of the cyclone D does not exceed 40 mm. Several cyclones are set in parallel (side by
side) and connected by common plates, which guarantee a common air inlet and outlet.
The dust retained in the cyclones is collected in a dust-settling tank, which is a common
element for all cyclones.

Multicyclones can be built with return or through-feed cyclones. Due to their simple
and robust design, lack of moving parts, and because of their low pressure drops and small
changes in pressure during operation, cyclones have become a device that is popularly used
for the pre-filtration of air sucked in by vehicles’ internal combustion engines. Cyclones
have the advantage of being able to operate under conditions of high dust concentrations
in the air and high temperatures. A two-stage (multicyclone–filter cartridge) system for
the filtration of air drawn in by an internal combustion engine is shown in Figure 2. The
second stage of filtration is a cylindrical filter cartridge with an appropriately sized surface
of filter material, arranged in series behind the multicyclone.

249



Energies 2023, 16, 3802

a) b) 

Figure 2. Two-stage (multicyclone–filter cartridge) inlet air filtration system for an off-road vehicle
engine: (a) tangential inlet return cyclones–paper cylindrical cartridge, (b) through-feed cyclones
with axial inlet–PowerCore cartridge.

The large values of pressure drop (2–2.5 kPa) that tangential inlet return cyclones
generate in the engine intake system have recently caused researchers to focus on the
development of axial inlet pass cyclones. The overall structure of a through-feed cyclone
differs from that of a tangential inlet return cyclone. The basic element of a through-feed
cyclone is a cylindrical hull, inside which a swirler is located in its front part, which usually
has four blades (vanes) with a helicoidal (helical) surface. When using a multicyclone with
through-feed cyclones, it is more advantageous to use a filter cartridge of the PowerCore
type (Figure 2b). Air flow then takes place in the same direction, reducing the pressure
drop of the entire system.

The PowerCore filter cartridge has a completely different design from previous cylin-
drical cartridges. It is a monolith constructed of layers of smooth and pleated paper
arranged alternately. The resulting parallel channels have either a blinded inlet or a blinded
outlet. A channel with a free inlet has a blinded outlet, and vice versa. The resulting design
forces air to flow through the channel wall—which is a filter material—into an adjacent
channel that has a free outlet. This avoids excessive turbulence and allows the aerosol to
flow directly into the filter outlet, reducing the flow resistance.

With the same flow rate, filter cartridges made with PowerCore technology have
several advantages; firstly, they are dimensionally 2–3 times smaller than conventional
pleated filter paper cartridges made in the form of a cylinder [23,24], and they achieve
efficiency ϕf = 99.85% [25–27]. PowerCore cartridges have a higher dust capacity and, thus,
a longer life, which means less frequent replacement and lower operating costs.

The air filtration process in the filter cartridge of a single-stage filter proceeds differ-
ently from that on the filter cartridge that is the second filtration stage set in series behind
the multicyclone. In the case of a single-stage filter, dust directly from the environment
flows into the filter cartridge along with the air. These are large dust grains, but not ex-
ceeding the value of dp = 100 μm. In a two-stage air filtration system (multicyclone–filter
cartridge), the dust at the exit of the cyclone has a different fractional composition than at
the inlet to the cyclone. In the multicyclone, dust grains with sizes above dp = 15–35 μm are
retained, and then small dust grains flow onto the second filtration stage (i.e., paper filter).
This is evident from the information presented in the literature [28–31].
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Retained in the porous bed (filter paper, non-woven fabric), small dust grains form a
more compact—and, thus, less permeable to air—structure. This results in a more rapid
increase in flow resistance. As a result, the filter obtains the established value of the
permissible resistance Δpfdop much earlier and for a smaller mass of retained dust. At the
same time, the mass of dust retained per unit area of filtration takes smaller values. Such
a phenomenon was observed during numerical studies of fibrous materials [32–35] and
experimental studies of the “cyclone-filter paper” assembly [22,36].

Limitations of the filter’s operation due to the achievement of the permissible value
of pressure drop Δpfdop result in a reduction in its service life. This property is important
when analyzing the required mileage of the vehicle/air filter operating time.

This property is characterized by the dust absorption coefficient km of the filter paper,
which can be defined—assuming a uniform distribution of dust over the entire active
surface of the test cartridge filter paper—by the following relationship [37–40]:

km =
mw

Aw

[
g/m2

]
, (1)

where mw is the total mass of dust retained by the filter medium around the time of the
adopted value of the permissible resistance Δpfdop.

Cellulose-based filter materials loaded with standard dust, the grain size of which
usually does not exceed 100 μm, are in the range km = 220–240 g/m2 [41–43]. Any other
filter material will have a different value of this coefficient. Therefore, for the design of the
filter element of a two-stage filter, it is necessary that the operating properties of the filter
material are suitable for the operating conditions of the second stage of the air filter, set in
series behind the multicyclone.

During the design (i.e., selection of filter paper) of air filters for heavy-duty vehicles’ CI
engines, the permissible filtration velocity should not exceed the value
υFdop = 0.03–0.06 m/s [42–44].

For the nominal air demand of the engine QNs, and assuming the permissible value of
the filtration speed from the above range, the active filter area is then determined from the
following relation:

Aw =
QNs

3600·υFdop

[
m2

]
. (2)

The filter operating time can be determined during in-service testing of complete air
filters on a vehicle or during laboratory testing. However, such tests are very expensive,
labor-intensive, and complicated. In the available literature, a theoretical relationship is
given to determine the operation time τp of a two-stage air filter [45]:

τp =
Aw ·km·kc

QNs·s·(1 − ϕm)·ϕp
h, (3)

where Aw is the active surface area of the filter material of the second stage of filtration
(m2), km is the dust absorption coefficient of the filter material at Δpfdop (g/m2), kc is the
coefficient that takes into account the difference between the parameters of the actual
pollutants contained in the engine inlet air and the test pollutants during laboratory testing,
QNs is the nominal air demand of the engine (m3/h), s is the average concentration of dust
in the air sucked from the environment into the filter (g/m3), ϕm is the separation efficiency
of the first stage of air filtration (multicyclone), and ϕp is the separation efficiency of the
filter material of which the filter cartridge is made.

For a constant assumed driving speed Vp (km/h), the distance traveled by the vehicle
Sp during τp is expressed by the following relation:

Sp = τp·Vp [km]. (4)
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Relation (5) then determines the distance traveled by the vehicle until the filter reaches
an acceptable resistance Δpfdop:

Sp =
Ac ·km·kc·Vp

QNs·s·(1 − ϕm)·ϕp
[km]. (5)

It follows from the presented relationship that its practical use requires knowledge of
many data that characterize a particular filter material, including the absorption coefficient
km, the separation efficiency ϕp, and the coefficient kc for a specific type of air pollutant.
Manufacturers of filter materials only provide data describing their structure with the
following parameters: bed thickness, pore dimensions, grammage, mechanical strength,
pressure drop (permeability), and density. The efficiency of modern filter materials used
in automotive technology is known and takes values in the range of ϕp = 99.5–99.9%. The
coefficient kc = 1 when tested with test dust. It follows that the only unknown parameter in
Relation (5) is the dust absorption coefficient km.

For pleated cellulose-based filter materials operating in a two-stage filtration system,
values of the dust absorption coefficient km can be found [34,35,46]. Lacking in the available
literature are values of the dust absorption coefficient km for filter beds of the PowerCore
type, which have a different design than pleated beds. Therefore, in the present work, it was
decided to partially fill this gap by conducting experimental studies on PowerCore beds
operating in two-stage and single-stage systems. To this end, an original and uncomplicated
methodology for determining the dust absorption coefficient km of filter materials for the
second stage of filtration in a two-stage “multicyclone-partition” filter is presented. The
methodology involves testing a set in the form of a single cyclone and a test filter medium
set in series behind it, which is an appropriately sized section of the actual filter medium. If
during the testing of the “filter set” the operating conditions of the test filter cartridge and
the cyclone are maintained as they occur during the operation of a complete air filter of
real dimensions, the results obtained can be treated as the characteristics of the actual-size
filter cartridge.

2. Materials and Methods

2.1. Materials

The subject of experimental and analytical analyses was the filter material from the
original PowerCore (Figure 3a) cartridge, from which test filters with a filter area of
Aw = 0.153 m2 were made and shaped into cylindrical cores (Figure 3b).

a) b) 

Figure 3. (a) Fabricated research filter; (b) original PowerCore G2 filter cartridge (author’s photos).

The purpose of this study was to determine and compare the filtration properties
(separation efficiency and accuracy, pressure drop and dust absorption coefficient km) of
research filters made from a PowerCore filter bed operating in single-stage and two-stage
(in series behind the cyclone) filtration systems.

A pass-through cyclone, which is a component of off-road vehicles’ intake air filters,
was used as the first filtration stage of the “cyclone-infiltrator” filtration set (Figure 4).
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Figure 4. Through-feed cyclone: Q0—inlet stream, QG—outlet stream, QS—dust extraction stream,
swirl diameter D = 36 mm, height of the cylindrical part of the cyclone H = 100 mm, inlet diameter of
the outlet tube dw = 18 mm, angle of turn of the guide vanes β = 135◦, angle of overshoot of the guide
vanes βv = 45◦, outlet diameter of the outlet tube Dw = 36 mm, diameter of the core dr = 6 mm, outlet
angle of the guide vanes α = 30◦.

The scope of testing of test filters operating with and without a cyclone–filter system in-
cluded the determination, at a fixed value of the flux QGmax, of the following characteristics
involving test dust:

• Separation efficiency ϕw = f (km);
• Filtration accuracy dpmax = f (km);
• Pressure drop Δpw = f (km).

where km is the dust absorption coefficient of the filter material, defined as the total
mass of dust mz retained on 1 m2 of the active surface of the filter bed until a fixed value of
flow resistance is reached.

2.2. Experimental Method

In this study, an experimental research method was applied using a universal stand
that was built to determine the performance of single cyclones, research filters, and the
characteristics of research filters that are the second stage of filtration (set in series behind a
single cyclone)–Figure 5. A single cyclone and a research filter cartridge set directly behind
it form a “filter set”.

Immediately upstream and downstream of the test filter was a measuring line, to
which a U-tube water-pressure gauge line was connected, which was used to measure the
current pressure drop downstream of the test filter and determine the pressure drop Δpw.
The measuring line was terminated with a gauge filter, which was used to collect the mass
of mAG dust passed through the test filter. The mass of mAG dust was used to determine the
separation efficiency ϕw of the test filter. At the same time, the gauge filter protected the
rotameter from dust entering it. The delivery of test dust to the test system was carried out
using a vibrating metering device and a stream of compressed air. The dust supplied to the
dust chamber was mixed with the inlet air stream Q0, and then the contaminated air was
sucked into the cyclone or test cartridge.

The dust retained by the cyclone fell by the force of gravity into a sealed settling tank,
where it was not stored but was removed on an ongoing basis by means of an additional QS
flux (suction flux) produced by a special pump. The value of the QS flux was determined
from the following relation for the assumed value of the suction stage m0 = 15%:

QS = QG · m0. (6)

The air flow rate QG was determined according to Relation (7) for the assumed maxi-
mum filtration velocity υF = 0.06 m/s in the filter bed, which for the filters of trucks and
special vehicles is recommended in the range υF = 0.03–0.06 m/s.
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Figure 5. Functional diagram of the test stand: 1—cyclone, 2—dust settler, 3—dust dispenser,
4—rotameter, 5—test cartridge, 6—U-tube water-pressure gauge, 7—measuring tube, 8—dust probe,
9—particle counter, 10—measuring (absolute) filter, 11—air flow meter, 12—suction absolute filter,
13—rotameter, 14—suction fans, 15—analytical balance, 16—instrument for recording air temperature,
pressure, and humidity.

For the filtration velocity in the PowerCore filter bed adopted for the test
(υFw = 0.06 m/s), the maximum value of the test flux calculated using the following
relationship was Qwmax = 34 m3/h, while the suction flux for the value of the suction degree
m0 = 15% took the value QS = 5.1 m3/h.

Qwmax = Aw ·vFw ·3600
[
m3/h

]
. (7)

At a certain distance behind the test filter, the tip of the dust probe was placed centrally
in the axis of the measurement tube, and it was used to draw in the air with dust to the
sensor of the particle counter. The counter recorded the number and size of dust grains
in the air stream QG behind the test filter element in the range of 0.7–100 μm, in i = 32
measurement intervals, which were limited by the adopted diameters (dpimin–dpimax).

The separation efficiency characteristics ϕw = f (km) of the test filters were determined
using the mass method, which consisted of measuring the dust masses retained on the
test filter mFz and on the absolute filter mA, as well as the dust mass metered mD onto the
filter, after each measurement cycle. The tests were carried out in j successive measurement
cycles with a specified duration τp (the time of uniform dust dosing into the system). The
dust mass was determined with an analytical balance. After each measurement cycle, the
mass of dust retained on the tested filter mFz, on the absolute filter mA, and dosed to the
filter system mD was determined with an analytical balance. The tests were conducted at
an assumed dust concentration s = 1 g/m3 in the air at the cyclone inlet. When testing
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test filters without a cyclone, a dust concentration of s = 0.5 g/m3 was used. PTC-D test
dust was used, which is a substitute for AC fine test dust in Poland, the chemical and
fractional composition of which is shown in Figure 6. The measurement duration, which is
the time for uniform dust dosing into the system, was set at τp = 120 s during the initial
period of filtration (first I) and τp = 360 s during the main period (second II) of test filter
operation. During the measurement cycle (60 s before the scheduled end of dust dosing),
the procedure for measuring the number and size of dust grains in the air behind the
research filter was started in the particle counter.

 
a) b) 

Figure 6. PTC-D test dust: (a) mass proportion of individual fractions in the dust; (b) mass proportions
of components in the dust.

After each measurement cycle j, we determined the parameters necessary to determine
the efficiency, filtration accuracy, pressure drop, and dust absorption coefficient of the
filter cartridge.

1. The pressure drop Δpfj of the filter cartridge was determined as the static pressure
drop upstream and downstream of the filter based on the measured (i.e., after the
dust dosing was completed) height Δhmj on a U-tube water-pressure gauge.

2. The separation efficiency of the test filter was determined by an indirect method, as
the quotient of the mass of dust mFzj retained by the filter cartridge and the mass of
dust mFdj fed to the filter cartridge during the subsequent measurement cycle, based
on the following relation:

ϕj =
mFzj

mDj
=

mFzj

mFzj + mAj
100%. (8)

3. The dust absorption coefficient kmj of the tested filter material was determined from
the following relationship:

kmj =
∑n

j=1 mFzj

Aw

[
g/m2

]
. (9)

4. The Npi number of dust grains passing through the test filter (located in the air stream
downstream of the filter) was determined in measurement intervals bounded by fixed
diameters (dpimin–dpimax).

5. The filtration accuracy was determined as the largest dust grain size dpj = dpmax in the
air stream downstream of the filter.

6. The percentage of each dust grain fraction in the air stream downstream of the filter
for a given measurement cycle was calculated from the following relation:
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Upi=
Npi

Np
=

Npi

∑32
i=1 Npi

100%, (10)

where Np = ∑32
i=1 Npi, which is the total number of dust grains that passed through the test

filter (from all measurement intervals) during the measurement cycle.
According to the above methodology, we determined the filtration characteristics

(separation efficiency ϕw = f (km) and filtration accuracy dpmax = f (km), as well as pressure
drop Δpw = f (km)) of research filters made from a PowerCore bed working in one-stage and
two-stage systems. The tests were carried out until the filter medium reached the assumed
value of acceptable resistance Δpfdop = 3 kPa.

2.3. Analytical Method

An analytical method was used to explain the phenomenon of changes in the flow
resistance of the filter bed depending on grain size, which involved analyzing the arrange-
ment of dust grains in a compact structure. Mineral dust drawn in with air has an irregular
grain shape and is characterized by high polydispersity in the range up to 100 μm. There-
fore, a proxy diameter is adopted for theoretical considerations. Most often, the diameter
of dust grains is assumed to be spherical. Figure 7 shows a slice of the deposit model in the
form of a cube with side d formed by regularly arranged spheres of equal diameter d.

Figure 7. Bed model of similar spherical particles.

The volume V1 of the space between the particles is equal to the volume V of
the cube with side d minus the volume V2 occupied by the particles, according to the
following equation:

V1 = V − V2 (11)

V1 = d3 –
(

4
3
π

(
d
2
)3
)

(12)

V1 = d3
(

1
π

6

)
. (13)

From the above equation, it follows that the volume V1 of the space between the
particles depends only on the diameter d of the particles in the third power. The volumes
V1 between successive particles form spaces that, when connected together, form a channel
dε for air flow.

At the same time, as the diameter d of the particles decreases, the number of mi-
crochannels dε distributed over the filter area also increases, in proportion to 1/d2, since
the total dimensions of the filter area do not change. Thus, the total cross-section through
which the air flows also does not change, from which it follows that the average air velocity
in the microchannels does not change and is independent of d.
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The pressure drop Δp of a filter bed laden with dust particles can be described by a
modified Darcy–Weisbach formula:

Δp = λ(Re)
gw

dε

ρ

2
υ2

ε , (14)

where ρ is the density of the fluid, λ is the coefficient of friction, gw is the thickness of the
filter bed, dε is the hydraulic diameter of the channels formed by the particles, and υε is the
actual velocity in the channels between the particles.

It follows from the above relationship that the flow resistance of the filter bed is
directly proportional to its thickness gw, fluid density ρ, and actual velocity υε in the
channels between the particles, and inversely proportional to the conventional diameter dε

of the channels formed by the particles. Assuming an invariant value of the thickness of the
filter bed gw and the velocity in the channels between the particles dε, the flow resistance
then depends on the conventional diameter dε of the channels formed by the particles.

3. Results and Discussion

The characteristics of separation efficiency ϕw = f (km), pressure dropΔpw = f (km), and
filtration accuracy dpmax = f (km) as a function of the dust absorption coefficient km of two
specimens of PowerCore bed test filters (No. 1 and No. 2), which operated in the “filter
set” as the second filtration stage (after the through-feed cyclone), are shown in Figure 7.
The obtained characteristics had a similar course and values. Due to the achieved values of
separation efficiency, the operating time of the studied filters can be conventionally divided
into two periods: The first period (i.e., initial filtration) is characterized by small values
of separation efficiency, which systematically increase (sometimes very sharply) with the
amount of dust mass retained by the filter bed and, thus, the increase in the dust absorption
coefficient km. The initial filtration period lasts from the start of the filtration process until
the filter material reaches the maximum set value of separation efficiency. In the case of the
conducted research, the zone of separation of the two periods was assumed at the moment
when the filters reached the separation efficiency ϕ = 99.5%. This value was achieved by the
filters at similar values of the dust absorption coefficient i.e., filter No. 1: km1 = 8.87 g/m2;
filter No. 2: km2 = 12 g/m2. After the first measurement cycle, the separation efficiency of
both filters reached similar values: research filter No. 1 reached ϕwc1 = 96.6%, and filter
No. 2 reached ϕwc2 = 95.8% (Figure 8), showing the homogeneity of the filter bed and the
high accuracy of the research filters. During the tests, the cyclone efficiency was at 85.2%.
During the tests, the cyclone’s efficiency was 85.2%, and its pressure drop did not exceed
Δpc = 0.6 kPa.

Following the initial filtration period (I), the second period of operation of the Pow-
erCore filter—called the main period (II)—was characterized by a course of efficiency
(ϕw = 99.7–99.99%) and filtration accuracy (dpmax = 3–6 μm) stabilized at a certain level,
and a slow increase in the pressure drop. When the assumed flow resistance Δpw = 3 kPa
was reached, the filters obtained the dust absorption coefficient km at similar levels, i.e.,
filter No. 1: km = 219 g/m2, and filter No. 2: km = 199 g/m2. The data from the literature
show that standard pleated cellulose-based filter materials operating in a two-stage sys-
tem achieve an absorption coefficient of km = 90 g/m2, which is half that of PowerCore
filter beds operating under the same conditions, which may be due to the possibility of
accumulation of additional dust mass inside the channels of the PowerCore bed, as shown
in Figure 9. Once the filter bed (walls of the channel) has been saturated with dust, as
the operation of the filter continues, the dust accumulates inside the channel, which acts
as a kind of reservoir. Figure 9b shows the dust accumulated inside the channels of the
PowerCore filter under test. Thus, the absorption capacity of the filter bed is enlarged.
The dust settles at the bottom of the channel, and its level rises. Thus, the free filter area
decreases, causing an increase in the flow velocity through the channel walls, which results
in an increase in the filter’s flow resistance (Figure 8).
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Figure 8. Characteristics: separation efficiency ϕw = f (km), pressure drop Δpw = f (km), and filtration
accuracy dpmax = f (km) as a function of the dust absorption coefficient km of filter beds working in the
“filter set” as the second filtration stage (after the through-feed cyclone).

a)                        b) 

Figure 9. PowerCore filter after testing with test dust: (a) view of the filter from the side of the air
and dust inlet; (b) dust accumulated in the bed channels.

Associated with changes in efficiency were the maximum sizes of the dust grains
dpmax in the air behind the filter under test. There was a sharp decline, from dpmax = 17 μm
after the first measurement to dpmax = 4–5 μm when the filter reached an efficiency of
99.5%, establishing the end of the first stage of filtration. In the second stage of the filter’s
operation, the separation efficiency was maintained at 99.5–99.9%, and the maximum
grain size took on values in the range of dpmax = 3–6 μm. After the filters achieved a dust
absorption coefficient of km = 150 g/m2 and a pressure drop of Δpwc = 2.5 kPa, increasingly
larger dust grains dpmax and a slight decrease in separation efficiency were registered in
the exhaust air. As soon as the filters achieved a pressure drop of Δpcw = 3 kPa, dust grains
of dpmax = 14 μm were found in the exhaust air.

For the process of aerosol filtration in fiber baffles, the phenomenon of continuous
influx and retention of dust grains on the surface of individual fibers is characteristic. This
is mainly the effect of inertial, direct trapping, and diffusion mechanisms. Settling dust
grains form characteristic dendrites, which grow to a considerable size, filling the free
spaces (i.e., pores) between fibers. Thus, the free field of air flow decreases, which causes
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an increase in velocity between fibers. As a result, there is an increase in the pressure
drop, which is a function of velocity in the second power. The increase in the mass of dust
accumulated in the filter bed causes the pressure drop to increase (Figure 8). Due to the
small thickness of the filter papers (gp = 0.4–0.8 mm), they have a limited dust absorption
capacity. When this is exhausted, the dust settles on the surface of the bed in the form
of a “filter cake”, which manifests itself in an additional increase in flow resistance. The
large pressure drop downstream of the filter and the high velocity of air flow in the narrow
channels between the fibers can cause dust grains to be locally detached from the formed
dendrites and transported toward the outlet. These can be dust grains of considerable size.
In the case of the studied filters, the beginning of this process was noticed when the value
of the pressure drop behind the filter reached about Δpf = 2.5 kPa.

Figure 10 shows a comparative analysis of test filter No. 1 operating in a two-stage
system (after the cyclone), and of test filter No. 3 with the same parameters but operating
in a single-stage system. The characteristics of the efficiency and accuracy of filtration of
both filters in the initial period were similar with respect to the course and values. It can be
seen that there was a more intense increase in the pressure drop of the filter operating in
a two-stage system (downstream of the cyclone). The value Δpf = 3 kPa was reached by
this filter after loading the bed with dust km = 219.2 g/m2. For the research filter operating
in a single-stage system, the value of Δpf = 3 kPa was reached after obtaining a dust load
of km = 434.2 g/m2, which is twice as much. This is because smaller dust particles more
quickly form dendrites on the fibers, which fill the free spaces (i.e., pores) in the fiber bed,
and the flow of air through the layer of dense dust grains is hindered. Hence, the greater
pressure drop, which grows more intensively and limits the filter’s operating time and the
car’s mileage.

Figure 10. Characteristics of efficiency ϕw = f (km) and accuracy dpmax = f (km) of filtration and flow
resistance Δpw = f (km), depending on the km factor of the PowerCore filter bed tested in the “cyclone-
test cartridge” filter set, and without cyclone.

Figure 11 shows the predicted mileage (for different values of dust concentration in the
air) of a diesel truck equipped with filters with a single-stage filtration system (PowerCore
filter) and with a two-stage system (cyclone–PowerCore filter). Calculations were carried
out using Relation (2), along with the dust absorption coefficient km of the PowerCore
filter and the separation efficiency values of the cyclones ϕm and the PowerCore filter ϕw,
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determined experimentally during the tests. Regardless of the air filtration system present
in the vehicle, as the dust concentration in the air increased, the mileage of the vehicle to
reach the permissible resistance decreased, with higher mileage values obtained by the
vehicle with a two-stage filtration system.

Figure 11. Projected mileage of the car to reach Δpfdop = 3 kPa under different operating con-
ditions (dust concentration in the air) with an air filter operating in single-stage and two-stage
filtration systems.

A vehicle equipped with a PowerCore single-stage filtration system, for a dust con-
centration of s = 5 mg/m3 and a dust absorption coefficient of km = 434 g/m2, achieves
a projected mileage of about 48,000 km. The same vehicle, equipped with a two-stage
“PowerCore multicyclone-filter” filtration system, for a dust concentration of s = 5 mg/m3

and a much lower ratio of km = 219 g/m2, achieves three times the mileage (more than
160,000 km) when the filter reaches the permissible resistance value Δpfdop = 3 kPa.

To analyze the mileage of vehicles with two-stage and single-stage systems, the
pressure drop (3 kPa) on the filter cartridge was assumed to be the same. In the two-stage
system, there is an additional pressure drop across the cyclones. In the case of the tested
two-stage system, the pressure drop on the through-feed cyclone reached Δpc = 0.6 kPa
at a nominal air flow rate of Qwmax = 34 m3/h. In order to maintain the same operating
conditions of filter materials in both systems (single-stage and two-stage), the operation of
the filter operating in the two-stage system should be limited by the permissible resistance
of Δpfdop = 3.6 kPa. Obviously, a higher pressure drop on the filter means additional
energy losses from the engine. From the available literature, it is known that the values
of the permissible resistance of air filters of trucks and special vehicles are in the range
Δpfdop = 6–8 kPa.

Projecting the mileage of a vehicle equipped with a filter with a two-stage filtration
system (cyclones–baffle), and using a dust absorption coefficient with the same value as for
a single-stage filter (km = 434 g/m2), results in an artificial extension of this mileage. For a
dust concentration of s = 0.005 g/m3, the vehicle mileage is extended to 324,328 km, i.e.,
by 100%. Such calculations are inappropriate and misleading. Therefore, it is expedient to
conduct research to determine the actual dust absorption coefficient km of the filter material
proposed for operation in a two-stage system, which can then be used to determine the real
mileage of the vehicle.
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The number of dust grains found in the cyclone’s inlet air stream, and before and after
the test filter operating in the “cyclone-inlet” set, in successive measurement cycles for
different values of the dust absorption coefficient km is shown in Figure 12. It was found
that with the increase in separation efficiency in each successive measurement cycle, there
was a decrease in the total number Np of dust grains in the air after the test filter. A clear
relationship can be seen between the size of the grains dp and their number Np. As the
size of the dust grains increases, their number decreases until they disappear completely.
Located in the last size interval, grains (or a single grain) have the largest size dp = dpmax
(Figure 12). It was assumed that the dust grain with the largest size dpmax located in the
exhaust air stream from the test filter expresses the filtration accuracy of the filter material
in measurement cycle j. In the exhaust air stream from the cyclone, there were dust grains
whose number had decreased significantly compared to the number of grains in the air
before the cyclone. This applies to dust grains above 3 μm. The larger the dust grains,
the more effectively they are retained by the cyclone. If we denote cyclone efficiency as
the quotient of the number of dust grains retained (Npu–Npw) and delivered to the Npu,
system, dust grains of 5 μm were retained by the cyclone with 53.6% efficiency, 10 μm
grains achieved 86.8% efficiency, and 20 μm grains had 97.2% efficiency. The cyclone’s
increasing separation efficiency was due to the increasing inertial force of grains with
increasing volume and, thus, mass. Grains larger than 35 μm were retained by the cyclone
with 100% efficiency. Proceeding in a similar manner, it was determined that after the first
measurement cycle, dust grains with a size of 10 μm were retained by the test filter material
with 99.5% efficiency.

Figure 12. The number of dust grains present in the cyclone’s inlet air stream, upstream and
downstream of the PowerCore test filter operating in the “cyclone-test filter” set, in successive
measurement cycles for different values of the dust absorption coefficient km.

The granulometric composition of dust in the air stream shows the change in the
numerical shares of Up determined by Relation (5) as the size of the dust grains dp increased.
The granulometric composition of dust in the air stream flowing into and out of the cyclone
was similar in terms of the course, but there were significant differences as to the values
(Figure 13). As the size of the dust grains dp increased, there was a rather sharp increase
in their Up numerical shares, reaching a maximum at dp = 1.5 μm, followed by a gentle
decrease. The Upc number shares of dust grains in the air behind the cyclone were found to
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be larger in the range of 0.7–3.8 μm and smaller above 3.8 μm than the Upc number shares
of dust in the air entering the cyclone. As a result of the filtration process in the cyclone,
larger grains (above 3.8 μm) were separated, resulting in a decrease in their shares of the
total number of dust grains and an increase in the shares of dust grains with sizes below
3.8 μm, with this value being a conventional limit for the purposes of this research. For
example, the share of dust grains with a size of 2 μm in the air behind the cyclone increased
from Up0 = 16.5% to Upc = 20.7%, while the share of dust grains with a size of 6 μm in the
air behind the cyclone decreased from Upc = 4.56% to Up0 = 1.59%. Another filtration stage
(PowerCore filter) significantly changed the granulometric composition of the dust. In
the air downstream of the filter there were mainly smaller dust grains—less than 3.8 mm;
hence, their shares were high. The proportion of dust grains with a size of 1 μm was
Up1 = 32.6% after the first test cycle and Up5 = 37.4% after cycle No. 5.

Figure 13. Granulometric composition of dust in the air stream before and after the cyclone and the
PowerCore filter.

The low efficiency and accuracy of air filtration by fiber filters is characteristic of
their initial stage of operation. This phenomenon occurs in the engine intake system
after replacing a contaminated filter element with a new one. This is an unfavorable
phenomenon, as the engine’s inlet air stream may then contain dust grains of considerable
size, which can cause accelerated wear of the internal combustion engine’s components.
According to the authors of [9–11,47], dust grains with diameters of more than 1 μm are
the cause of surface wear, and dust grains with diameters of more than 5 μm are the cause
of accelerated wear of two frictionally cooperating engine components. Consequently,
such filtration accuracy is required of intake air filters for internal combustion engines.
From the above, it follows that the engine’s air filter cartridge should not be replaced too
often, except for when there is a loss of its filtering properties. The criterion for replacing
the air filter cartridge is the achievement of the manufacturer’s set value of acceptable
resistance. Therefore, the test results obtained by the author are essential for making the
right decision as to when to service the air filter. At the final stage of operation of the tested
filters (above Δpf = 2.5 kPa), dust grains were noted, the size of which (dpcw = 14 μm) could
cause accelerated wear. From the above analysis, it follows that the air filters should not
be used above the specified pressure drop value. Based on the test results obtained, it is
reasonable to believe that in the case of the PowerCore filters tested, this value is above
Δpf = 2.5 kPa.
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Although the dust absorption capacity of the filter material operating in a two-stage
“cyclone-filter test” filtration system is lower than that of the same material operating in
a single-stage system, the operating time of the two-stage system until the permissible
resistance Δpf = 3 kPa is reached is longer. This was confirmed by the results of the
characteristics separation efficiency ϕw = f (mD), pressure dropΔpw = f (mD), and filtration
accuracy dpmax = f (mD) as a function of the mass of dust mD delivered to the “cyclone-test
filter” filtration system and directly to the PowerCore test filter (Figure 14).

 
Figure 14. Characteristics: separation efficiency ϕw = f (mD), pressure drop Δpw = f (mD), and filtration
accuracy dpmax = f (mD) as a function of the mass of dust mD delivered to the two-stage system “cyclone-
filter research PowerCore” and the single-stage system (directly to the research filter PowerCore).

From the presented characteristics, it can be seen that the achievement of the permissi-
ble resistance of 3 kPa by the test filter operating in the “cyclone-test filter” system occurs
after 202.7 g of dust is supplied to the system. If the test filter operates individually, it
achieves a pressure drop of 3 kPa after delivering only 68.5 g of dust. This has a definite
impact on the vehicle’s mileage, especially when it is operated under conditions of high
dust concentration in the air. The filter’s achievement of the permissible resistance is a
prerequisite for its service, i.e., filter element replacement. Although the filter material
working in series behind the multicyclone has a lower absorbency, the operating time
of the “multicyclone-pore-partition” filter system to reach the permissible resistance is
much longer than that of the same cartridge working individually, which is the primary
advantage of two-stage filtration. This explains the need for two-stage filters in vehicles
operated under conditions of high dust concentration in the air.

If the first stage of filtration of the inlet air to the engine is an inert filter (multicyclone)
and the second is a filter cartridge made of fibrous material, then most (i.e., more than
90%) of the dust supplied to the system is retained by the multicyclone. In the case of the
tested “cyclone-filter PowerCore” set, the cyclone efficiency was at the level of about 84.6%.
Thus, only 15% of the dust mass that was introduced into the “multicyclone-filter” filtration
system reached the filter cartridge. The retained dust accumulates in the settling tank or is
removed from it on an ongoing basis. During the tests, ejective (ongoing) removal of dust
from the cyclone settling tank was used, with a suction rate of m0 = 15%. Therefore, with a
constant flow of air to the engine, the flow resistance of the multicyclone is unchanged—in
contrast to baffle filters, where the retained mass causes an increase in flow resistance at
the same time.
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The increase in flow resistance of a cartridge operating in a two-stage system (cyclone-
test filter) is more intense, despite the same mass of dust being retained by the bed per unit
area (Figure 10). In the case of two-stage filtration, small dust particles accumulate on the
filter bed, which form dendrites on the fibers that grow faster than when the bed is loaded
with larger particles. Small dust grains, which make up a much larger percentage of the total
number of particles entering the filter when the bed is operated with an upstream cyclone,
penetrate the filter paper structure much more easily and fill it more tightly compared to
larger-diameter grains. Free spaces are created between the charged dust particles, through
which air flows. However, the spaces between small grains are much smaller than those
between large dust grains, increasing the velocity of aerosol flow through them and, thus,
increasing the flow resistance.

The volume V1 of space between particles of equivalent diameter d = 80 μm, according
to Relation (13), takes the following value:

V1 = d3
(

1
π

6

)

V1(80) = 803
(

1
π

6

)

V1(80) = 267,946.7 μm3.

For smaller and smaller particle diameters d, the volume V1 of space between par-
ticles takes on smaller and smaller values. The volume V1 of space between particles
with an equivalent diameter of d = 20 μm, which is four times smaller, has a value of
V1(20) = 4186.7 μm3, which is 64 times smaller than for d = 80 μm. For d = 8 μm, V1(8) is
1000 times smaller, and for d = 2 μm, V1(2) is 64,000 times smaller.

From the Darcy–Weisbach relation (Relation (14)) describing the pressure drop Δp
of a filter bed loaded with dust particles, it follows that the flow resistance is directly
proportional to gw, ρ, and velocity υε, and inversely proportional to the conventional
diameter d of the channels formed by the particles. For a filter bed loaded with dust
particles of small diameters, the conventional diameter dε of the channels formed by the
particles will take smaller values, resulting in an increase in flow resistance. This is the
main reason for the increase in pressure drop with decreasing particle size.

In addition, particles with smaller and smaller diameters have a higher and higher
ratio of surface area Ac to volume Vc. Consequently, they have a higher resistance and
pressure drop per unit volume (i.e., mass of particles). The ratio of the surface area Ac of a
particle with the shape of a sphere to its volume Vc. is expressed by the following relation:

ag=
Ac

Vc
=

6
dp

. (15)

If we take particles with different equivalent diameters for analysis (i.e., dp = 80, 50, 20,
10, 2.0, 1.0, and 0.7 μm), the ratio of particle area to volume is then ag = 0.075, 0.12, 0.3, 0.6,
3, 6, and 8.57, respectively.

4. Conclusions

In this paper, an experimental study of PowerCore deposits operating in two-stage and
single-stage systems was carried out to determine the characteristics of separation efficiency,
accuracy, and pressure drop depending on the dust absorption coefficient. To this end, an
original and uncomplicated methodology for determining the dust absorption coefficient of
km filter materials for the second stage of filtration in a two-stage “multicyclone-partition”
filter is presented. The methodology consists of testing a set in the form of a single-pass
cyclone and a PowerCore test filter medium set in series behind it, which is an appropriately
sized section of the actual filter medium. The following conclusions were obtained from
the testing and analysis:
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1. PowerCore filter beds operating in a “cyclone-pore barrier” system achieve an ab-
sorption coefficient of km = 219.2 g/m2, which is twice as low as when operating in
a single-stage filtration system—undoubtedly influenced by the small dust grains
resulting from the cyclone filtration process.

2. PowerCore filter beds operating in a two-stage system achieve more than twice the
absorption coefficient of standard pleated cellulose-based filter materials, whose
km = 90 g/m2, which may be due to the possibility of dust accumulating inside the
channels of the PowerCore bed.

3. Filter materials operating in the “multicyclone-porous baffle” system are characterized
by a more intensive increase in flow resistance, which has a direct impact on reducing
the operating time of the air filter to reach the permissible resistance, thereby reducing
the mileage of the vehicle. This is the result of the formation of a more compact
and tight structure from small-diameter dust grains, which have a higher ratio of
surface area Ac to volume Vc than larger-diameter grains and, therefore, have a higher
resistance and pressure drop per unit volume (mass of dust particles).

4. Forecasting the mileage of a vehicle equipped with a filter with a two-stage filtration
system (cyclones-baffle), and using a dust absorption coefficient with the same value
as for a single-stage filter (km = 434 g/m2), results in an artificial extension of mileage
by more than 100%, which is inappropriate and misleading. Therefore, it is expedient
to conduct research to determine the actual dust absorption coefficient km of the filter
material proposed for two-stage operation, which can then be used to determine the
real mileage of the vehicle.

5. The low (ϕ = 95.8–96.6%) efficiency of the filter material and the presence of large
(dpmax = 12–16 μm) dust grains in the purified air during the initial but short period of
operation of the baffle filter may affect the accelerated wear of the engine associations
working together in a tray—especially the piston–piston ring–cylinder (P-PR-C) as-
sociation. Dust grains of similar size can also be located behind the air filter when it
exceeds a certain pressure drop value. In the case of the tested bed, this value is about
2.5 kPa. Therefore, the use of the air filter after exceeding the specified value of the
permissible resistance is not advisable.

6. Although the filter material working in series behind the multicyclone has a lower
level of absorption, the operating time of the two-stage “multicyclone-fiber baffle”
system is much longer to reach the permissible resistance than for the same fiber
material working in a single-stage system. This is due to the essence of the operation
of the two-stage “inertia filter-baffle filter” filtration system. This explains the need for
two-stage filters in vehicles operating under conditions of high dust concentrations in
the air.

7. The originality of the developed test methodology lies in the fact that dust is applied
to the filter material working behind the cyclone, and the granulometric composition
of this dust is changed as a result of the actual air filtration process in the cyclone,
characterized by the cyclone inlet speed, dust concentration, and suction rate. The
methodology allows for the experimental determination of the characteristics of any
fibrous filter materials predicted for the second stage of air filtration. These can be
materials with any structural parameters, and the tests can be carried out over a wide
range of changes in filtration conditions that correspond to the operation of an air
filter under conditions of high dust concentration in the air.
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15. Szczepankowski, A.; Szymczak, J.; Przysowa, R. The Effect of a Dusty Environment Upon Performance and Operating Parameters

of Aircraft Gas Turbine Engines. In Proceedings of the Specialists’ Meeting—Impact of Volcanic Ash Clouds on Military
Operations NATO AVT-272-RSM-047, Vilnius, Lithuania, 17 May 2017.

16. Wasilewski, M.; Brar, L.S.; Ligus, G. Effect of the central rod dimensions on the performance of cyclone separators—Optimization
study. Sep. Purif. Technol. 2021, 274, 119020. [CrossRef]

17. Nejad, J.V.N.; Kheradmand, S. The effect of arrangement in multi-cyclone filters on performance and the uniformity of fluid and
particle flow distribution. Powder Technol. 2022, 399, 117191. [CrossRef]

18. Acharya, A.S.; Kurian, J.; Lowe, K.T.; Ng, W.F. Spectral Proper Orthogonal Decomposition Downstream of a Vortex Tube
Separator. In Proceedings of the AIAA SciTech Forum, National Harbor, MD, USA, Online, 23–27 January 2023; Available online:
https://www.researchgate.net/publication/367311519 (accessed on 27 March 2023).

19. Fushimi, C.; Yato, K.; Sakai, M.; Kawano, T.; Kita, T. Recent Progress in Efficient Gas–Solid Cyclone Separators with a High Solids
Loading for Large-scale Fluidized Beds. KONA Powder Part. J. 2021, 38, 94–109. [CrossRef]

20. Muschelknautz, U. Comparing Efficiency per Volume of Uniflow Cyclones and Standard Cyclones. Chem. Ing. Tech. 2020, 93,
91–107. [CrossRef]

21. Dziubak, T. Experimental Investigation of Possibilities to Improve Filtration Efficiency of Tangential Inlet Return Cyclones by
Modification of Their Design. Energies 2022, 15, 3871. [CrossRef]

22. Dziubak, T.; Szwedkowicz, S. Operating properties of non-woven fabric panel filters for internal combustion engine inlet air in
single and two-stage filtration systems. Eksploat. I Niezawodn. Maint. Reliab. 2015, 17, 519–527. [CrossRef]

23. Dziubak, T. Experimental Studies of PowerCore Filters and Pleated Filter Baffles. Materials 2022, 15, 7292. [CrossRef] [PubMed]
24. Wei, S.; Qian, F.; Cheng, J.; Xiao, P.; Tang, L.; Jiang, R. Flow field analysis and structure optimization of honeycomb air filter. Chin.

J. Process Eng. 2019, 19, 271–278. [CrossRef]
25. PowerCore®Air Intake Filters. Available online: https://www.donaldson.com/en-us/engine/filters/products/air-intake/

replacement-filters/powercore-filters/ (accessed on 27 March 2023).
26. Engine Air Cleaners, Service Parts and Accessories. Available online: https://www.donaldson.com/content/dam/donaldson/

engine-hydraulics-bulk/catalogs/air-intake/emea/f116005/Air-Intake-Product-Guide.pdf (accessed on 27 March 2023).
27. Engine Air Filtration for Light, Medium, & Heavy Dust Conditions. Available online: https://www.donaldson.com/content/

dam/donaldson/engine-hydraulics-bulk/catalogs/air-intake/north-america/F110027-ENG/Air-Intake-Systems-Product-
Guide.pdf (accessed on 27 March 2023).

28. Yang, J.; Sun, G.; Gao, C. Effect of the inlet dimensions on the maximum-efficiency cyclone height. Sep. Purif. Technol. 2013, 105,
15–23. [CrossRef]

29. Duan, J.; Gao, S.; Lu, Y.; Wang, W.; Zhang, P.; Li, C. Study and optimization of flow field in a novel cyclone separator with inner
cylinder. Adv. Powder Technol. 2020, 31, 4166–4179. [CrossRef]

266



Energies 2023, 16, 3802
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Abstract: In the current article, we will use a CFD approach for the scrubber wash water dilution
simulation, by considering the current MEPC (Marine Environment Protection Committee, a sub-
sidiary of IMO—International Maritime Organization) regulations that are in force. The necessity for
scrubber wash water pH modelling and its importance in the current environmental framework is
emphasized. The presented 3D model is considered as a 400 mm hydraulic diameter fluid domain
with two outlets and a discharge water flow rate of 3050 m3/h for the considered pH value of 3,
obtained within a state-of-the-art exhaust gas scrubber solution developed by a major EGCS (Exhaust
Gas Cleaning Systems) supplier. The CFD study was developed by considering a k-ε turbulence
model. In order to achieve accurate results, a structured mesh with two levels of refinement volumes
was realized. Based on the obtained data and the various parameters discussed, the paper presents
a way to investigate the optimal results for further analytical research of the scrubber washwater
dilution process within the exhaust gas cleaning system.

Keywords: CFD; scrubber; wash water; pH modelling

1. Introduction

Within the shipping industry, large quantities of fossil fuels are burned by the ship’s
diesel engines, with the exhaust gases having carbon oxides (COx) and water (H2O) as
the main components. Together with the main fractions [1–3], the combustion process
also generates sulfur oxides (SOx), nitrogen oxides (NOx), and carbon-based matter (soot,
smoke), all of them with huge environmental impact, such as acid rain and carbon-based
airborne particles, which are detrimental to human health.

Based on the real global concern about environmental issues, determined by the
exhaust gas emissions and their impact, there is a huge interest in developing technical
solutions for reducing the level of pollution [4–7].

Therefore, for both new builds and existing ships, a fitting/retrofitting race is
ongoing—increasingly ships are using various solutions for cleaning the exhaust gases.
A scrubber technology was developed with unique features to enable a more sustainable
operating environment for the shipping industry [8].

The main objective of this study is to evaluate the open-loop solution, with an emphasis
on the aspects regulated within MEPC 259(68).

The open-loop cleaning process is based on exhaust gases “washing” with seawater,
thus resulting in large quantities of residuals—sulfuric acid (H2SO4) or sulfurous acid
(H2SO3) diluted in the wash water. The obtained product is seawater with increased acidity,
which is to be discharged overboard (either treated in a second stage or diluted).

2. Study Aim, Materials and Methods

2.1. Marine Environment and Seawater Alkalinity

The wash water with low pH values reacts with the salt in the seawater, forming
carbonic acid, which is considered to be unharmful for the marine environment. The main
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source of hydrogen ions (H+) absorbents in the seawater is formed by the carbonate and
bicarbonate salts naturally present [8–10]. The natural presence of the salts generates an
alkaline seawater. The general values of seawater alkalinity around the globe range from
2200–2400 μmol/kg.

Nevertheless, diluted sulfuric acid from the wash water is a threat to the marine
environment and, therefore, additional rules are required in order to create the lowest
possible environmental impact due to ship wash water discharge.

Guidelines for exhaust gas cleaning systems, applicable for this study, are published
in the Resolution MEPC.259(68) in Annex 1 and are stated as follows: 10.1.2.1. “The pH
discharge limit, at the overboard monitoring position, is the value that will achieve as a
minimum pH 6.5 at 4 m from the overboard discharge point with the ship stationary”.

2.2. Main Parameters and Initial Setup Geometry

The study assesses the compliance with MEPC 259(68) paragraph 10.1.2.1 and relevant
DNV-GL (Det Norske Veritas) and BV (Bureau Veritas) rules and regulations for the ship
wash water discharge.

Based on existing references, a computational model was created that takes into
account the existing rules and the specific functional status of the ship’s propulsion and
power generation systems [11,12].

The starting point for the initial setup geometry is presented in Figure 1. For the
simulation in CFD, all elements designed for enhancing the flow turbulence were removed
and the scrubber wash water inlet surface was assigned to be at 1 m distance from the
outlet piping elbow.

 

Figure 1. Spherical volumes in CFD simulation.

In this way, the simulation is developed with a conservative approach, starting with the
geometry setup, by decreasing the turbulence values affected by the existing valves or piping
elements. This objective, of achieving the most conservative approach, is accomplished by
decreasing the dilution quality obtained when using such turbulence-enhancing attachments.

The simulation setup is developed using the following initial operational setup:

• Seawater temperature: 25 ◦C;
• Discharge water temperature: 35 ◦C;
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• Discharge water flow rate: 3050 m3/h—considered to be the flow at full load while
the ship is stationary;

• Number of outlets: 2;
• Discharge water pH: 3;
• Considered ship speed: 0 kn (stationary).

To assess the dilution pattern in the initial setup, the hull geometry of a ship that
actually has the system onboard is used [13,14]. To reduce the influence of turbulence in
the numerical analysis, all diffusers and turbulence-increasing elements were removed (for
example, all valves on the terminal line of the scrubber wash water outlet were disregarded).

For a proper assessment of the dilution pattern, at the required 4 m distance from
the outlets, there were used two spherical volumes, with a radius of 4 m and the center
in the outlet center (Figure 1). In the same figure, we can observe the intersection of the
two spherical volumes with the ship hull and the position of the scrubber outlet shell
penetrations [15,16].

The outlet location is identified based on the penetration plan, as presented in Figure 2.

Figure 2. Shell penetration plan for scrubber outlet.

The generated geometry (Figure 1) follows the position and dimensions stated in
the construction drawings, available during the retrofit project of the ship which was the
subject of certification (Figure 2).

The bounding box of the computational domain for scrubber wash water pH modelling
has the following dimensions: Height = 20 m, Width = 35 m, Length = 60 m.

The origin of the coordinate system is located on the ship hull surface, the Ox axis
positive toward fore, the Oy axis positive toward portside, and the Oz axis positive up-
wards [17]. For boundaries definition, the details identified in the initial setup geometry
are as shown in Figure 3.

271



Energies 2022, 15, 5140

Figure 3. Boundaries of the computational domain.

The computational domain was simplified as shown in Figure 3, by taking into account
the following aspects:

1. The need to decrease the computational effort leads to the model being generated to
consider only the hull section in the area of interest.

2. Since the main requirement is to have no flow around the hull, without any current
alongside [13–17], it is reasonable to assume that there will also be no wash water
flow in the hull proximity.

2.3. Domain Boundaries

Based on Figure 3, the boundaries used are [18,19]:

− opening, for the water volume situated on the fore and aft side of the ship, for the
outer water domain facing from ship shell and to the water surface, and also under
the keel area; this boundary condition allows the fluid to cross the boundary surface
in either direction. For example, all of the fluid might flow into the domain at the
opening, or all of the fluid might flow out of the domain, or a mixture of the two
might occur.

− inlet, only for the pipe surface situated before the two openings in the side shell; for
the subsonic inlet, the magnitude of the inlet velocity is specified, and the direction is
taken to be normal to the boundary. The direction constraint requires that the flow
direction, Di, is parallel to the boundary surface normal, which is calculated at each
element face on the inlet boundary.

The boundary velocity components are specified, with a non-zero resultant into
the domain.

Uinlet = Uspeci + Vspec j + Wspeck (1)

The mass flow rate, defined within the simulation, is considered to be uniform and
normal to the boundary. The mass influx [20] will be calculated by using:

ρU =

.
m�
dA

(2)

where
�

dA is the integrated boundary surface area at a given mesh resolution.

− wall, for the ship shell and pipe walls; there was considered a No Slip wall, with the
velocity of the fluid at the wall boundary of 0.
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2.4. Mesh Details

In order to achieve appropriate results, a structured mesh was used based on the
hex-dominant method. Within the ship shell volume of influence, the maximum length for
elements was considered to be 0.3 m for all points at a 4 m distance from the center of the
spherical volumes. In the center of the spherical volumes, we designed a mesh based on
refinement cones using a maximum element length of 0.04 m. This is considered to be the
main area of interest and the decision for these local refinements is made for simulation
accuracy. The described mesh with refinement cones is presented in Figure 4. The metrics
for the current mesh are presented in Table 1. The selected mesh for 3D scrubber wash
water discharge pH modelling has near 1 million elements, contributing to a precise result
and a faster computational process for the identified initial conditions.

 
Figure 4. Computational domain mesh with refinement cones.

Table 1. Data for the considered mesh with refinement cones.

Domain Nodes Elements Tetrahedra Hexaedra

D 400 LC 1684594 925743 774419 129569

3. Simulation Model Description

3.1. Turbulence Model

The flow within the computational domain is a fully turbulent flow and, given the
simulation objectives, the near-wall flow prediction is not necessary. Based on these
assumptions, the standard k–ε; turbulence model was used. The model is a semi-empirical
one [20,21]; the rate of dissipation (ε) and turbulence kinetic energy (k) are based on the
below transport equations [20]:

∂

∂t
(ρk) +

∂

∂xi
(ρkui) =

∂

∂xj

[(
μ +

μ

σk

)
∂k
∂xj

]
+ Gk + Gb − ρε − YM + Sk (3)

273



Energies 2022, 15, 5140

∂

∂t
(ρε) +

∂

∂xi
(ρεui) =

∂

∂xj

[(
μ +

μ

σε

)
∂ε

∂xj

]
+ C1ε

ε

k
(Gk + C3εGb) + C2ε

ε2

k
+ Sε (4)

where Gk represents the generation of turbulence kinetic energy due to the mean velocity
gradients, Gb is the generation of turbulence kinetic energy due to buoyancy, YM represents
the contribution of the fluctuating dilatation in compressible turbulence to the overall
dissipation rate, C1ε, C2ε, and C3ε are constants, σk and σε are the turbulent Prandtl numbers
for k and ε, while Sk and Sε are user-defined terms.

3.2. Simulation Sensitivity and Stability

In order to identify a proper way to investigate the scrubber wash water dilution
process, we will consider two factors that are affecting the simulation in a 3D computational
domain: the mesh sensitivity and the solution stability. To assess the mesh influence in
the current simulation, three different cases are considered: the initial mesh, the rougher
mesh, and the refined mesh. For each case, the mesh metrics are presented in Table 2. The
variation of maximum element length in the area of interest (0.08 m, 0.04 m, and 0.03 m).
The results are presented in Figures 5–7.

Table 2. Mesh metrics for the initial mesh, the rougher mesh, and the refined mesh.

Mesh Case
Max Element Length
throughout Domain

Probe Volume
Max Element Length in

the Interest Area
Nodes Elements

Initial mesh 0.7 m 0.3 m 0.04 m 1684594 925743
Rougher mesh 0.7 m 0.3 m 0.06 m 1223629 620681
Refined mesh 0.7 m 0.18 m 0.03 m 2072666 1188839

Figure 5. Maximum Volume Fraction values for the Scrubber Wash Water (initial mesh).

Figure 6. Maximum Volume Fraction values for the Scrubber Wash Water (rough mesh).
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Figure 7. Maximum Volume Fraction values for the Scrubber Wash Water (refined mesh).

For all considered mesh developments, the solution was considered to be converging
after the first 1000 iterations, and the residual values development within the carried
iterations was clearly stable. The results for scrubber wash water pH modelling are stable
and present similar shape; the obtained results values are not highly dependent on the
mesh refinement level.

For a better comparison and understanding of the simulation results, we used the
peak volume fraction results for the area of interest (4 m radius probe sphere). The values
obtained in the presented cases are shown in Table 3. The achieved differences are small,
established in a range of max 3% variation, related to the initial mesh setting, which leads
to the conclusion that the solution is stable and can also be considered acceptable.

Table 3. Peak volume fraction for each case.

Mesh Case Peak Volume Fraction

Initial mesh 0.4013
Rougher mesh 0.3895
Refined mesh 0.4086

The results from the variation of maximum element length in the area of interest
(0.08 m, 0.04 m, and 0.03 m) bring us to the conclusion that the initial used mesh meets the
required conditions for consistency and stability of the results based on the stability of the
results and on the convergence trend and achievement. The results are less sensitive to
mesh metrics in the range presented, and each case can be a way to investigate the optimal
results for further analytical research. Due to this conclusion and the lower number of
elements, the initial setup will be used in the 3D scrubber wash water dilution study.

3.3. Scrubber Wash Water pH Development Study

The usage of the initial mesh, with a 400 mm hydraulic diameter for the two outlets, as
stated in the initial setup, represents a difficult computational task. Results in the simulation
run should meet the stability and convergence criteria. The convergence criteria for the
residuals value were set at 10−9 and required 6500 iterations to obtain a solution.

The considered load case was developed using a 400 mm hydraulic diameter outlet
and uses the highest operational value of the wash water flow (3050 m3/h), according to
MEPC.259(68) and IMO’s PPR 2/2/3. This evaluates the dilution ratio at a distance of
4 m from the hull in any direction during stationary operation. Data for this load case are
presented in Table 4.

Table 4. Load case parameters.

Ship Speed
[kn]

ME Load [%]
Power Plant

Load [%]
Wash Water
Flow [m3/h]

Wash Water
Mass Flow [kg/s]

Wash Water
Velocity [m/s]

Hydraulic
Diameter [mm]

0 85 75 2600 + 450 868.4 4.31 400
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4. Results

The simulation results for velocity, pressure, and wash water volume fraction are
presented in Figures 8–20. During the post-processing process, we use isosurfaces to show
the results at the MEPC’s required distance from the outlet.

 

Figure 8. Volume fraction plot for convergence check (initial mesh).

 

Figure 9. RMS residuals for k and ε values (initial mesh).
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Figure 10. Velocity variation—pipe longitudinal section.

 

Figure 11. Velocity variation—pipe transversal section.
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Figure 12. Pressure variation—pipe longitudinal section.

 

Figure 13. Scrubber Wash Water Volume Fraction of 0.1 isosurface development.
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Figure 14. Scrubber Wash Water Volume Fraction of 0.2 isosurface development.

Figure 15. Scrubber Wash Water Volume Fraction of 0.3 isosurface development.
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Figure 16. Scrubber Wash Water Volume Fraction of 0.4 isosurface development.

Figure 17. Scrubber Wash Water Volume Fraction of 0.41 isosurface development.

Figure 18. Scrubber Wash Water Volume Fraction of 0.41 isosurface development—probe
sphere detail.
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Figure 19. Scrubber Wash Water Volume Fraction of 0.42 isosurface development.

Figure 20. Scrubber Wash Water Volume Fraction of 0.43 isosurface development.

In Figures 10–12, the pressure and velocity values in the longitudinal and transversal
sections of the pipe are shown, and they can be considered as an additional check regarding
the validity of the computational setup, taking into account the discharge water flow rate
of 3050 m3/h and the pipe outlet hydraulic diameter. Figures 13–22 show the isosurface
representations for relevant scrubber wash water volume fractions.
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Figure 21. Scrubber Wash Water Volume Fraction of 0.44 isosurface development.

Figure 22. Scrubber Wash Water Volume Fraction of 0.45 isosurface development.

5. Discussion

As stated within the introductory section of this article, based on the existing rules
and regulations [13,16,17] and taking into account the available findings in the theoretical
and practical studies and results [4,12], the maximum acceptable volume fraction of the
scrubber wash water flow, at 4 m distance from the outlets, is deemed to be 0.47, for which
the pH value of the diluted wash water is a minimum of 6.5.

Based on the initial mesh for the geometry used, specific results were obtained and
can be considered as a starting point for further discussions and studies regarding the
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optimal values for the scrubber wash water dilution process and related requirements. A
comparative analysis based on the obtained results is made in terms of dilution for the
considered load case.

The numerical results presented for the scrubber wash water pipes in terms of velocity
(Figures 10 and 11) and pressure (Figure 12) highlight the flow parameters, taking into
account the possible vibrations that can appear at both pipe level and hull opening connec-
tion. The higher the velocity, the higher the vibration level, especially for strainers, valves,
and elbows.

The flow modelling results contains basic information for ship wash water investigated
according to applicable international standards, in compliance with MEPC 259(68).

During operation of the scrubber, wash water is fed from two hull openings (corre-
sponding with the wash water outlet) and the result is a turbulent jet behavior that can be
visualized and processed via the simulation results as a scalar scale or isosurface. The most
relevant isosurface shown in the results is the one based on Volume Fraction (VF) because
the scrubber wash water and seawater are modelled as Volume Fraction models.

As a measure of quality check, we use unity check, and the resulting value is 0.853,
which confirms the results within the acceptable results parameter range. The wash water
concentrations obtained were checked against the acceptable values and centralized in
Table 5.

Table 5. The centralized values for wash water dilution.

Model Particulars Maximum Volume Fraction Acceptable Volume Fraction Unity Check

400 mm hydraulic diameter 0.4013 0.47 0.853

Based on the results obtained, it can be observed (Figures 17–19) that the maximum
Volume Fraction value for the scrubber wash water is 0.4013 on the 4 m radius control
sphere. A unity check value of 0.85 can be observed, which is deemed to be within
acceptable limits (by considering a conservative approach). The main interest for the flow
development is the dilution ratio achieved against the required value in order to meet the
approval and certification criteria.

The present simulation can be considered as developed based on an ultraconservative
approach, obtained in this case by the applied simplifications, e.g., the removal of the tur-
bulence enhancing appendages and using a No Slip wall, without any material roughness,
as boundaries, but also taking into consideration the real operational situation, which is
further developed in the paragraph below.

The MEPC rule, as interpreted both in the subsequent guidelines and also in the
simulation setup, requires two totally opposite operational conditions to be met: on the
one hand, the flow around the ship hull is null, therefore, the ship is considered to be static,
without any current in the area; on the other hand, the load of the scrubber system must be
considered as the nominal load, which corresponds to an ME load of a minimum of 85%, a
power plant load of a minimum of 75% (see Table 4), and the nominal wash water flow of
3500 m3/h. This particular situation will never be found in real life; therefore, we can easily
consider that the operational situation for a static ship is closer with a 75% load of the power
plant and 0% load for ME, resulting in a substantially decreased exhaust gas flow, “washed”
with the nominal scrubber wash water flow, of 3500 m3/h. The natural assumption, based
on these facts, is that the real initial value of the scrubber wash water pH at the ship’s
openings will be higher than the value already considered within the simulation setup
(of 3), and in such a situation, the minimum acceptable wash water Volume Fraction values
are, in a real operational situation, more relaxed than the ones used in the present approach.

6. Conclusions

The 3D model and the computational domain used for developing the scrubber
wash water dilution modelling are adopted based on a real ship hull design, taking into
consideration the existing IMO rules which are regulating the process.
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The increased number of retrofitting projects aiming to decrease the exhaust gas emis-
sions SOx content in the shipbuilding industry through the use of exhaust gas scrubbers
comes with various side challenges, such as preserving the overall water quality during
the scrubber operation and not affecting the water pH (or achieving the smallest possible
impact). These requirements are enforced by international bodies such as IMO (Interna-
tional Maritime Organization) via MEPC resolutions, and they are monitored or certified
by Class Registers. Based on the aforementioned situation, the requirements for carrying
out specific dilution studies through the use of CFD analysis are, sometimes, generating a
need for determining good practice in carrying out the simulations, and also for creating a
benchmarking database for the simulation approach, technical solution pursued, and the
results obtained.

The existing results and simulation setup, corroborated with the real operational
situation, leads to a possible conclusion that the actual rules and their interpretation are
forcing an ultraconservative way of developing the related studies and the calculation of
the allowable values in the area of interest. Nevertheless, a database with experimental
results in the 4 m distance range, together with the functional parameters of the system
in various cases are required to defend this affirmation and can represent future research
related to this topic.

Future scrubber wash water research will be directed both to the simulation using
various flows and velocities for the washwater, and also regarding the possible influence
of acidic water on other inlets from other systems which are placed in the vicinity of the
scrubber wash water outlet.
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