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Analysis of influence of using catalyst and polar additives on engine performance
and exhaust emission

In the paper researches of influence of using catalyst and polar additives on engine performance and emission of exhaust were
carried out. The tests were made on diesel engine DuraTorq-TDDi/TDCi 16v with a capacity of 1998cm3 produced by Ford company.
Two additives were investigated: FMAX — catalytic additive to fuel and HDOS — polar additive to lubricating oil in different proportions.
The results indicated that using tested additives has a positive effect on exhaust composition (lower concentrations of nitrogen oxides,
soot and carbon monoxide) and also decreased fuel consumption.

Key words: catalytic additives, polar additives, diesel engine, exhaust

1. Introduction

Diesel fuel is the basic energy carrier which is used for
driving self-ignition engines. As the fuel, it has to meet
requirements specified in legal acts and norms. The most
important features of the fuel is possibility of pumping,
filtering, low corrosivity, chemical stability and ability of
self-ignition characterized by cetane number [1, 2]. On the
quality of fuels for diesel engines also level of lubrication
also has significant influence. Lubricating properties could
be increased by addition high hydrocarbons and sulphur
compounds. However, that additives could destroy con-
struction materials used for fuel and lubrication systems.
Sulphur has detrimental effect on heat and thermooxidative
stability and tends to corrode the metal. In addition, prod-
ucts of burning the sulphur, sulphur dioxide and sulphur
trioxide, form acids in water environment, what is the rea-
son of corrosion of exhaust system and atmospheric air
pollution. Due to necessity of reduction of sulfur content in
petroleum products to value below 50 mg/kg, their lubrica-
tion properties have deteriorated significantly [2, 3]. There-
fore it is necessary to use a non-toxic and environmental
friendly lubricating additives to the fuel. Actually, that
standards could be met by used additives containing deriva-
tives of fatty acid methyl esters (FAME) made of vegetable
oils. On the European and world markets esters are used as
additives to diesel fuel or in its pure form, as biodiesel.
Biodiesel has a lot of benefits compared to conventional
diesel fuel. The main of them are that biodiesel is biode-
gradable, doesn’t include harmful substances and aromatic
hydrocarbons. Additionally, biodiesel has higher cetane
number, what improves external engines parameters and at
the same time, at higher temperature of ignition ensures
safety of storage. Esters has more than 20% of oxide bond-
ed in fatty acids, what caused that combustion process is
more effectively and emission of soot and particular matter
to the atmosphere decreases [4-7].

2. Fuel additive characteristic

One of the factors affecting the engine performance and
exhaust toxicity is efficiency of energy source, i.e. the fuel.
In the case of vehicles already in use, the general efficiency
of the drive source is the most important parameter of the
assessment allowing calculations of the economic suitabil-

ity of the vehicle. In turn, economics is the most important
criterion when assessing vehicles used for commercial
purposes.

On the automotive market there are available many
products (additives to fuel) which improve the economy of
the drive and exhaust emissions. One of them, the additive
Fuel Maximizer (FMAX) developed by ProOne Extreme
Lubricants company was tested. The producer of the addi-
tive provides information that the product decreases fuel
consumption and exhaust emission, improves lubricating
properties of diesel fuel, increases the engine efficiency and
cleans fuel system and injectors [8]. Fuel Maximizer is
a catalyser, which reduces a activation energy and improve
the reaction of combustion of fuel. Additionally, according
to the manufacturer, the combustion process is more effec-
tive with FMAX through fragmentation the large particles
of fuel and acceleration of initiation of combustion reaction.

The Fuel Maximizer was tested in 2018 by Polish Au-
tomotive Industry Institute and got the certificate of that
Institution [9]. The Laboratory confirmed that the diesel
fuel with FMAX meets all fuel requirements according to
standards PN/ISO and using that product is safe for the
engine.

The second object of the tests was additive to lubricat-
ing oil Heavy Duty Oil Stabilizer (HDOS). That product
among others extends the life of the oil, protects against
extreme pressures, prevents oil burning and leaks, improves
performance and reduces fuel consumption, etc. the pro-
ducer recommends supplying to lubricating oil about 10—
20% volume of HDOS.

3. Material and methods

The main aim of the tests was to evaluate the effect of
changes caused by addition products of ProOne Extreme
Lubricants on engine parameters. The researches were
conducted on the turbocharged diesel engine DuraTorg-
TDDi/TDCi 16v with a capacity of 1998 cm’ produced by
Ford company. The engine was supplied by Common Rail
fuel supplied system and got exhaust gas recirculation.
With these solutions, the engine has met the EURO 3
standard [10]. The power unit has been used for 14 years
and had mileage about 306 000 km. In Fig. 1 full load char-
acteristic of maximum load and power values for engine is
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presented. Considering the direct dependence of power and
torque, authors of this publication, wishing to avoid dupli-
cation of information, will only discuss the course of torque
curves. Before starting the tests, to stabilize the engine's
operating conditions, the lubricating oil was changed for
a new one, approved by the manufacturer Mobil 1 OW40
with the CF quality class. This type of oil has been used for
the last 6 years in tested engine.

Fig. 1. Full load characteristic of tested engine supplied by diesel fuel
without additives

Research was focused on the effect of used additives to
fuel (FMAX) and to lubricating oil (HDOS) on parameters
of engine’s work such as correct operation of some systems
(fuel supplied system, air intake system, engine control
system, etc.) and exhaust concentrations. In the test full
load characteristics were made for engine supplied by fuel
without and with additive and without or with additive to
lubricating oil. Characteristics were made on the chassis
dynamometer MAHA LSP 3000. That tests allowed for
evaluation maximum engine performance. Additionally, in
chosen points of engine’s work (with constant load of en-
gine) measurements of exhaust concentration were con-
ducted. The following components of fumes were analysed:
— nitrogen oxides (NOy), carbon monoxide (CO), carbon

dioxide (CO,), oxygen (O,) measured with used Horiba

PG 350 analyser (NO, by chemiluminescence detection

method CLD; CO and CO, by non-dispersive infrared

method NDIR; O, by galvanic cell method), accuracy of
the measurement was +0,5% in range NO, > 100 ppm
and 1% for other substances in full range;

— soot with used AVL 415 smoke meter, which is able to
measure soot concentration in units FSN (filter smoke
number) or in mg/m’ with measurement range to 0,02
mg/m’.

Additionally, during the tests conditions were controlled
using weather station HD32.1 produced by Delta OHM
company. Accuracy of temperature measurement of the
device is £0.1°C.

The engine work conditions for exhaust composition
measurement were selected to cover the engine operation
areas with closed and open EGR valve. In table 1 character-
istic of chosen points of engine work conditions are pre-
sented.

Table 1. Characteristic of points of engine operation conditions

Rotation Power
No. speed, ’ Comments
bhp
rpm

— low engine load value (low air flow
and dose of fuel),

! 2100 10 — opened EGR valve (large propor-
tion of exhaust in fresh inlet air)
—  medium engine load,

2 2100 50 —  semi-open EGR valve (low propor-
tion of exhaust)
— rotation speed close to nominal,

3 3000 65 —  medium engine load,
— closed EGR valve

4 760 idle - importar}t point to evaluation of
engine work in city traffic

Three variants of supplying the engine were tested: die-
sel fuel without any additives, with FMAX as additive to
fuel in proportion 1:4000 (manufacturer's recommenda-
tions) and 1:1000 (four times greater than manufacturer's
recommendations) and with HDOS as additive to lubricat-
ing oil, and the last, with FMAX as additive to fuel in pro-
portion 1:4000 and with HDOS.

4. Results and discussion

In Figure 2 results of full load characteristic for three
variants of tests (pure diesel fuel with FMAX in proportion
1:4000 and fuel with FMAX and lubricating oil with
HDOS) are presented.

Fig. 2. Results of full load characteristic conducted on the chassis dyna-
mometer

As it can be noticed, the highest torque value is obtained
for pure diesel fuel, but in case with FMAX as additive to
fuel in proportion 1:4000, the range of high torque values is
the widest, between 1700 and 3000 rpm. The best course of
power curve was registered in test with FMAX as additive
to fuel and HDOS as additive to lubricant oil. Power for
variants with pure diesel fuel and for FMAX was similar.

In the test also concentrations of ingredients of exhaust
for all variants were measured. In Figs 3—5 measured con-
centrations of toxic components of exhaust such as NO,
soot and CO are shown and in figures 6 and 7 respectively
concentrations of CO, and O,.

From the figures appears that the lowest concentrations
of all of analysed toxic components in each measuring point
were obtained for variant with diesel fuel and FMAX in
proportion 1:1000. In point 1 (at 2100 rpm and 10 Nm)
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concentrations of NO for all variants are similar. It may be
due to similar content of oxygen (Fig. 7) and temperature of
combustion process in low load. Generally, it was noticed
that concentration of NO, was the highest in the first va-
riant — with pure diesel fuel and using any additive allows
reduce NO, emission. Emission of soot is the highest for
pure diesel almost in all of measuring points. Only in point
2 (at 2100 rpm and 50 Nm) is the lowest for that variant. In
terms of emission CO, the worst results were obtained for
mixture of fuel and FMAX in proportion 1:4000 in points 1,
3 and 4 and for pure diesel oil in point 2. On the other side,
the lowest CO concentrations measured for variant with
FMAX added to diesel fuel in proportion 1:1000.

Fig. 3. Concentrations of NOy measured in tests

Fig. 4. Concentrations of soot measured in tests

Fig. 5. Concentrations of CO measured in tests

Fig. 6. Concentrations of CO, measured in tests

Fig. 7. Concentrations of O, measured in tests

In all points of engine’s work (except point 2) concen-
tration of CO, were lower for at least one variant with addi-
tive that for variant with pure diesel fuel. In addition, con-
tent of O, was highest in variants with additives. It could
testify to reducing of fuel consumption in case of using
FMAX and HDOS as additives to fuel and lubricant oil.
The best result was received for variant with FMAX with
fuel in proportion 1:1000.

5. Summary and conclusion
In the paper additives to diesel fuel (FMAX) and to lub-
ricant oil (HDOS) produced by company ProOne Extreme
Lubricants were tested, in terms of engine performance and
content of exhaust gases. In researches turbocharged diesel
engine DuraTorq-TDDi/TDCi 16v with a capacity of 1998
cm’ produced by Ford company was used. Tests was car-
ried out in 4 variants:
1) combustion of pure diesel fuel
2) combustion of diesel fuel with added FMAX in propor-
tion 1:4000
3) combustion of diesel fuel with added FMAX in propor-
tion 1:1000 and with HDOS as additive to lubricant oil
4) combustion of diesel fuel with added FMAX in propor-
tion 1:4000 and with HDOS as additive to lubricant oil
Measurements of concentration of toxic compounds of
exhaust such as NO,, soot and CO were made. Also the full
load characteristic for 3 of variants were prepared. Addi-
tionally CO, and O, content in fumes was analysed.
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Based on the results it was noticed that generally addi-
tions to diesel and lubricant oil had positive influence on
combustion process in relation to emission of exhaust and
fuel consumption, but not so good in terms of achieved the
maximum torque — the maximum value was obtained for
pure diesel fuel. However, the torque above 370 Nm engine
achieved in wider range for tests with additives. Also the
maximum value of power is the higher for diesel oil with
additives, especially FMAX with HDOS. Producer recom-
mends using FMAX in proportion with fuel 1:4000. As in
was presented in previous chapter with results, benefits of

using mixture in that composition was well in a lot of points
of engine operations, but even better results was obtained in
proportion FMAX with fuel 1:1000. Concentration of NO,
for that variant was reduced by an average of 10%, concen-
tration of soot of 45% and CO more than 50%.
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Impact of pollutant emission from motor vehicles on air quality
in a city agglomeration

In the large urban areas, in middle latitudes, as in case of Poland, the cause of poor air quality is immission: in winter particulate
matter PM10 and PM?2.5, in summer — ozone and nitrogen oxides (or nitrogen dioxide). In the whole country, road transport is
significantly responsible for the emission of nitrogen oxides (30%), carbon monoxide (20%) and less for emission of particulate matter
(a few percent). In the case of other pollutants, the emission of non-metallic organic compounds is less than 10% (including polycyclic
organic compounds — just over 0.5%), and sulfur oxides — only 0.03%!

To analyze impact of automotive industry on air quality, pollutant emission data from two stations in Krakow were selected. These
stations are known for poor air quality — the stations are: Dietla Street — with a high level of traffic and Kurdwanow — place located far
[from traffic routes. It was found that other objects than automotive vehicles are the dominant source of dust. These are industrial sources
and — above all — energy sources, especially individual heating installations. Particularly large dust pollution occurs in winter and it is
not always in areas with intense traffic. There was a strong dependence between immission of pollutants and road traffic, however, this

dependence is not dominant in assessing the risk of air quality in urban agglomerations.

Key words: emission of pollutants, immission of pollutants, motor vehicles

1. Introduction

There is social acceptance, especially in liberal con-
sumer societies, for determining the dominant influence of
automotive on air pollution, especially in urban agglomer-
ations. Such views are common even in scientific envi-
ronments, and in the opinion-forming circles they even
adopt hysterical instead of factual character. Undoubtedly,
the impact of automotive pollution is important for the air
quality, especially on a local scale and at a time when
traffic is very intense [1-8]. It is known that usually other
sources are dominant, and not only related to anthropo-
genic sources of pollutant emission, but also to natural
phenomena [7, 9]. These natural phenomena include
commonly known risks associated with winds from great
deserts. Anthropogenic sources of pollutant emission,
especially dangerous for air quality, are primarily energy,
and especially distributed energy associated with local
heating of buildings. This condition is confirmed by nu-
merous research results of air quality [3-5].

The air quality is controlled in many measuring stations
— which is in line with international agreements. In Poland,
to assess the air quality, the Polish Air Quality Index has
been introduced by the Chief Inspectorate of Environmental
Protection.

Table 1 presents limit values of immission' of pollutants
for the Polish Air Quality Index for individual substances.

Immission of pollutants is determined at air quality
monitoring stations by automatic measurement method and
averaged over 1 h.

Polish Air Quality Index (pl. Polski Indeks Jakosci
Powietrza, PIJP) is a detailed index determined for pollu-
tion, which is dominating during the averaging of meas-
urements in the area of the province.

'Immission is the concentration of pollutants dispersed in the
atmosphere, measured at 1.5 m above the ground.

PLJP = Max[PIJP, ]

where: Max — operator of the maximum value.

Tab. 1. Limit values of pollution immission for the Polish Air Quality
Index for specific substances — PIPSs

PM10 | PM2.5| O3 | NO, | SO, | C¢Hs Cco
[ng/m’] [mg/m’]

Very good | 1 20 12 70 40 50 5 2
2 60 36 120 | 100 | 100 10 6

Moderate (3| 100 60 150 | 150 | 200 15 10
Sufficient | 4 | 140 84 180 | 200 | 350 20 14
5| 200 120 240 | 400 | 500 50 20

6| >200 | >120 | >240 | >400 [ >500 | >50 >20

No index - - - - - - —

Practice indicates that the dominant pollutants due to air
quality are: in the winter, the immission of particle size
fractions PM10 and PM2.5 and in the summer the nitrogen
dioxide and ozone emission.

For the summer, poor air quality can be bound to auto-
motive pollution, although this is not the only pollution
source. In the winter, however, the heating sector has the
dominating influence on air quality.

In general, the impact of road transport on the air quality
is not as dominant as it is believed, even among some scien-
tists. Table 2 presents the contribution of national annual
emission of pollutants from the road transport sector in the
total national annual emission of pollutants from all civiliza-
tion sources in Poland in 2017 [10].
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Tab. 2. Share of the annual emission of pollutants from the road transport
sector in the total national annual emission of pollutants from all civiliza-
tion sources in Poland in 2017

Pollutant | Share [%]
CO 20.7
NMVOC 8.9
PAH 0.6
NOx 29.9
TSP 4.5
PM10 5.3
PM2.5 7.8
SOx 0.03

As it is shown, a large share of automotive emission are
nitrogen oxides (about 30%), which contribute to the threat
of photochemical smog in the summer and carbon mono-
xide (about 20%). The share of dust emission is a few per-
cent — in the case of particulate matter PM10, the dominant
pollution in winter, the share is about 5%. The participation
of polycyclic aromatic hydrocarbons (0.6%), and especially
of sulfur oxides (0.03%!) is completely trace.

Since Krakow is commonly used as an example of the
environmental threat posed by the automotive industry, it
was decided to analyze the results of measurements carried
out at two stations of air quality monitoring: at Dietla Street
which is located in the area of heavy traffic of motor vehi-
cles and in Kurdwanéw — in the area deprived of the domi-
nating share of automotive industry in air pollution.

2. Results of empirical measurements

The pollutant emission data was provided by the air
quality monitoring stations. This data is publicly available
(for instance on relevant websites) in accordance with ap-
plicable law.

Figure 1 shows the immission of particulate matter
PM10 values obtained from Krakéw-Dietla station and
Krakéw—Kurdwano6w station in 2016.
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Fig. 1. The immission of particulate matter PM10 values obtained from
Krakéw-Dietla station and Krakow—Kurdwandw station in 2016

It is clearly visible that, in the so-called ‘heating peri-
od’, the immission of particulate matter PM10 is signifi-
cantly higher comparing to summer months. The particulate
matter immission PM10 values obtained from Krakow—
Dietla station are stably higher, although the difference is
not significant and does not indicate dominant influence of
automotive industry.

Figure 2 shows the immission of particulate matter
PM10 on 6 January 2016.
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Fig. 2. The immission of particulate matter PM10 on 6 January 2016

In most part of the day the immission of particulate mat-
ter PM10 is significantly higher on Krakéw—Kurdwanéw
station — impact of automotive industry on the immission of
particulate matter is not striking even at rush hours.

Figure 3 shows the immission of particulate matter
PM10 on 8 June 2016.
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Fig. 3. The immission of particulate matter PM10 on 8 June 2016

The mean value of the immission of particulate matter
PM10 in this particular case is considerably higher at the
Krakéw-Dietla station. This indicates that the automotive
industry has a major impact on air pollution. However,
these values of the immission are four times lower than in
winter season.

The impact of the dust emission from municipal sources
is particularly visible in Figs 4 and 5.
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Fig. 4. The immission of particulate matter PM10 values obtained from

Krakéw-Dietla station on 6 January 2016 and 8 June 2016
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Fig. 5. The immission of particulate matter PM10 values obtained from
Krakéw—Kurdwandw station on 6 January 2016 and 8 June 2016

The similar comparison was made for the immission of
nitrogen dioxide, a dominant pollutant in summer months.

Figure 6 shows the immission of the nitrogen dioxide in
2016 obtained from Krakéw-Dietla station and Krakow—
Kurdwanéw station.
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Fig. 6. The immission of nitrogen dioxide values obtained from Krakow—
Dietla station and Krakow—Kurdwandw station in 2016

Figure 6 shows the impact of automotive indutsry on ni-
trogen dioxide immission at Krakéw-Dietla station.

Figures 7 and 8 shows immission of nitrogen dioxide on
6 January 2016 and 8 June 2016.

Figures 7 and 8 show the impact of automotive industry
on nitrogen dioxide immission — higher values were ob-
served at Dietla station at rush hours.
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Fig. 7. The immission of nitrogen dioxide on 6 January 2016

Figures 9 and 10 show a comparison of nitrogen dioxide
immission. The data was collected by both stations in win-
ter and summer time respectively.
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Fig. 8. The immission of nitrogen dioxide on 8 June 2016

As it is shown in Figures 9 and 10, automotive industry
is a major source of nitrogen dioxide emission, especially in
summer.
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Fig. 9. The immission of nitrogen dioxide values obtained from Krakéw—
Dietla station on 6 January 2016 and 8 June 2016
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Fig. 10. The immission of nitrogen dioxide values obtained from Krakow—
Kurdwandw station on 6 January 2016 and 8 June 2016

It is similar to nitrogen oxides immission — Figs 11-15.
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Fig. 11. The immission of nitrogen oxides values obtained from Krakow—
Dietla station and Krakow—Kurdwandw station in 2016
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Fig. 12. The immission of nitrogen oxides on 6 January 2016
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Fig. 13. The immission of nitrogen oxides on 8 June 2016
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Fig. 14. The immission of nitrogen oxides values obtained from Krakow—
Dietla station on 6 January 2016 and 8 June 2016

The results from the research confirm moderate impact
of motor vehicles on air quality in a city agglomeration.
Other revelations from a number of quality scientific jour-
nals confirm such assessment [1-8]. Of course, automotive

industry threats are not to be underestimated but only ra-
tional actions supported by objective evaluation of the situ-
ation should be taken. Propagandistic and unprofessional
actions such as mass checking of exhaust components con-
centration in spark-ignition engines at idling speed in win-
ter time when there are large exceedances of dust immis-
sion not only do not bring any benefits but are also quite
harmful as social resources are unnecessarily wasted.
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Fig. 15. The immission of nitrogen oxides values obtained from Krakow—
Kurdwandéw on 6 January 2016 and 8 June 2016

3. Recapitulation
By summarizing the above data, it possible to draw the

following conclusions:

1. The cause of poor air quality is immission: in winter
particulate matter PM10 and PM2.5, in summer — ozone
and nitrogen oxides.

2. Road transport is significantly responsible for the emis-
sion of nitrogen oxides (30%), carbon monoxide (20%)
and less for emission of particulate matter (a few per-
cent).

3. The dominant sources of dust are other objects different
than automotive vehicles. These are industrial sources
and — above all — energy sources, especially individual
heating installations. Particularly large dust pollution
occurs in winter and it is not always in areas with in-
tense traffic.

4. The research from a number of other air quality moni-
toring stations confirms the conclusions drawn in this

paper.

Nomenclature

I immission PM10 particular matter PM10

Cco carbon monoxide PM2.5 particular matter PM2.5

NMVOC non-methane volatile organic compounds SO, sulphur oxides

NO, n%trogen di(?xide TSP total suspended particles

NO, nitrogen oxides PAH polycyclic aromatic hydrocarbons
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Investigations of the temperature distribution in the exhaust system of an aircraft
piston engine

Ultralight aviation is based on piston engines requiring both performance and reliability. An important aspect is also the require-
ments for the installation of such an engine on an airframe, especially its heat emission. This is firstly because of the need to ensure
proper engine cooling and secondly because composite elements of the airframe skin are not exposed to excessive overheating. For this
purpose, bench tests of the temperature distribution of the exhaust system of ROTAX 912 engine were carried out. Measurements were
taken at 6 points of the exhaust system, where the temperature of the exhaust gases and exhaust pipes were measured. The tests covered
a wide range of engine operation. The paper presents the temperature distribution at selected points in relation to the engine speed and
load.

Key words: aircraft engine, exhaust system, temperature distribution

1. Introduction

Ultralight aviation is one of the fastest growing fields of
aviation industry. According to reports describing this mar-
ket [6, 8], there are currently 50,000 ultralight aircraft in
use in Europe and about 5.5% of them are added every
year. This trend has been maintained for a period of 10
years [6]. According to the data [6], most of these aircraft
(over 95%) are powered by piston engines. Most of the
European market is occupied by one manufacturer: RO-
TAX. Its engines are reliable and have a very good power-
to-weight ratio. The disadvantage of these motors, however,
is the low power of the electric generator.

Current aviation regulations [7] require aircraft manu-
facturers to install equipment that needs electrical power
supply. These include: radio, transponder, contour lighting,
stroboscopic lighting and avionics. In addition, very often
the components related to easier use are installed: satellite
navigation, lighting and heating of the cabin, charging ex-
ternal devices (e.g. mobile phones), etc. This results in
a lack of energy. According to the authors [1, 2, 4] in some
operating conditions the amount of electric energy con-
sumed by on-board devices exceeds the amount of energy
produced by the generator. This is contrary to the applica-
ble aviation regulations [7].

It is therefore necessary to equip aircraft with additional
sources of electrical energy. These may be additional bat-
teries [2] or alternators driven by the motor shaft [6]. An-
other approach is the use of independent generator systems.
The generators used are independent generators based on
additional internal combustion engines [5] or thermoge-
nerators [3]. The last proposal seems to be very promising
due to the use of waste energy from the exhaust gas from
the primary source of propulsion.

However, in developing a thermogenerator it is neces-
sary to know the amount of available energy and the tem-
perature of the medium interacting with the thermogenera-
tor element. This temperature must not exceed the limits
resulting from the materials used for this part.

This work is the initial stage of the development of
a thermogenerator compatible with the ROTAX 912 en-

gine. Its aim is to determine the temperature range of the
exhaust system and the exhaust gases themselves in the
whole range of engine operation.

2. Research description

2.1. Research objects

The object of the research is a ROTAX 912 ULS piston
engine. The engine is a 4 cylinder 4 stroke reciprocating
piston engine (boxer) — Fig. 1. The engine is cooled by air
(cylinders) and coolant (cylinder heads). It is equipped with a
dry oil sump system with an additional oil tank. The engine
is integrated with the main reducer which reduces the rota-
tional speed to the requirements of the propeller. The tested
engine was equipped with authored fuel system — a sequen-
tial multi-point fuel injection system into the intake manifold.
Engine parameters are described in Table 1.

Fig. 1. ROTAX 912 ULS Engine

Table 1 Engine Parameters [2]

Engine configuration Flat engine (boxer)

Cylinder number 4

Displacement 1352 cm’®

Maximal power 73.5 kW (100 HP) at 5800 RPM
— limited to 5 minutes

69 kW (93 HP) at 5500 RPM
128 Nm at 5100 RPM

Continuous power
Maximal torque

Weight 56.6 kg
Gearbox ratio 2.43

Bore 84 mm
Stroke 61 mm
Compression ratio 10.8:1
Fuel RON95
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2.2. Test stand
The tests were carried out on a test stand located in the

Centre for Innovation and Advanced Technologies of the

Lublin University of Technology — Fig. 2. The dynamome-

ter stand is made up of:

— Electro-mechanical brake: EMX — 200/6000 manufac-
tured by Elektromex Centrum, with braking power up to
200 kW at the rotational speed up to 6000 rpm;

— Control system of the dynamometer: ATMX 2000 man-
ufactured by ODIUT Automex SP. z 0.0.;

— Gravimetric fuel meter with fuel conditioning: ATMX
2400 manufactured by ODIUT Automex SP. z o0.0. has a
fuel temperature and pressure control system.

— The system of oil heat exchangers, engine cooling water
and brake cooling.

Fig. 2. Test stand

Exhaust system temperature measurements were carried
out on a standard ROTAX engine exhaust system. Temper-
ature sensors were placed in the exhaust system at specific
distances from cylinders — 30, 180, 400, 600 and 1000 mm,
both inside the system (gas temperature measurement) and
outside (wall temperature measurement). The location of
measurement points is shown in Fig. 3.

Fig. 3. Exhaust system of ROTAX 912 ULS engine

Thermocouples type K (NiCr-NiAl) manufactured by
Czaki Thermo — Product were used during the research.
Sensors TP-204K-1b-150-1 were used to measure the tem-

perature of exhaust gases and sensors TP-203K-1b-150-1 to
measure the temperature of exhaust system elements, the
insulation of the cable was a glass fibre with a screen. The
location of the sensors is shown in Fig. 4.

Fig. 4. Temperature sensor mounting

Measurements of signals from sensors were made with
the use of NI 9213 measuring devices produced by National
Instruments embedded in a four-socket, Ethernet and USB
transmission. The DAQ module processes signals from the
measuring card and sends them via digital transmission to
the computer. To analyze the results, the program was de-
veloped in an National Instruments — LabVIEW - Fig. 5.

Fig. 5. Analyze program layout

2.3. Scope of research

The aim of the tests was to analyze the distribution of
exhaust gas temperature and the external temperature of the
exhaust system in a wide range of engine operation on a test
stand. The analysis covered both the distribution of tempe-
ratures at particular operating points and their difference in
charges from the distance from the cylinder.

Fig. 6. Engine operational point use in the research
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The scope of work included measurements of tempera-
tures in points described in chapter 2.2 in steady state of
engine operation at test points determined by the rotational
speed and manifold air pressure. The tests were carried out
in 61 points (Fig. 6) covering the range of rotational speed
2060 — 5770 RPM, and the manifold air pressure 21 — 97
kPa. The tests were carried out in steady state of engine
operation.

10 temperature signals were recorded in the exhaust sys-
tem at specific distances from the cylinders — 30, 180, 400,
600 and 1000 mm, both inside the system (gas temperature
measurement) and outside (wall temperature measurement).

3. Results

The following figures show the results of temperature
distribution tests at selected points of the exhaust system. The
results are presented as a function of engine speed and mani-
fold air pressure. The measured values and approximation of
the second degree polynomial surface were presented.

Figure 7 shows the distribution of exhaust gas tempera-
tures at the first measuring point 30 mm from the cylinder
head number 1. The lowest recorded temperature is 536°C
and occurs at idling of this engine: rotational speed 2060
RPM and manifold air pressure 25 kPa. An increase in
rotational speed and manifold pressure leads to an increase
in exhaust gas temperatures. At full engine power (5770
RPM and pressure 98 kPa) the temperature reaches 762°C.

Fig. 7. Exhaust gas temperature at point 1 as a function of rotational speed
and manifold air pressure

The temperature of the exhaust system walls at this
point also increases with an increase in engine speed and
manifold air pressure — Fig. 8. For idling, this temperature
is 423°C and for maximum power 661°C.

Similar relationships are also visible for the second
measuring point 180 mm from the cylinder head 1 — Figs 9
and 10. The lowest temperatures recorded are at idle and
are 384°C for gas and 291°C for the exhaust wall, respec-
tively. They are approximately 130°C lower than at the
previous measuring point. The highest recorded tempera-
ture is 764°C for gas and 603°C for the wall, respectively.
It is noticeable that the maximum gas temperature is practi-

cally identical to the temperature at point 1 and the wall
temperature is only 58°C cooler.

Fig. 8. Exhaust wall temperature at point 1 as a function of rotational
speed and manifold air pressure

Fig. 9. Exhaust gas temperature at point 2 as a function of rotational speed
and manifold air pressure

Fig. 10. Exhaust wall temperature at point 2 as a function of rotational
speed and manifold air pressure
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The third measuring point is located in the silencer,
which is a central exhaust manifold and is about 400 mm
away from the cylinders. Here too, the rotational speed and
manifold air pressure directly affect the temperature in-
crease — Figs 11 and 12. The lowest recorded temperature
also occurs at idle and is 306°C for gas and 207°C for the
exhaust manifold wall, respectively. This represents a de-
crease of about 80°C compared to the previous point. The
maximum temperature (occurring at maximum engine load)
was 750°C for gas and 589°C for exhaust manifold walls,
respectively. It is only 14°C lower than the values obtained
in the previous point.

Fig. 11. Exhaust gas temperature at point 3 as a function of rotational
speed and manifold air pressure

Fig. 12. Exhaust wall temperature at point 3 as a function of rotational
speed and manifold air pressure

Another measuring point is located at the silencer exit
600 mm from cylinder head no. 1. At this point, as in the
previous ones, an increase in rotational speed and manifold
pressure leads to an increase in temperature — Figs 13 and
14. The lowest temperature also occurs at idle and is 316°C
and 231°C for the manifold walls, respectively. The highest
recorded temperatures are 752°C for gas and 648°C for the
manifold wall, respectively. These temperatures are about
10°C higher than in the previous point for gas and up to
60°C for the wall. This is due to two facts: Firstly, the gases

are compressed here again by the geometry of the manifold,
which increases their temperature and the heat dissipation
area is much smaller than at point 3.

Fig. 13. Exhaust gas temperature at point 4 as a function of rotational
speed and manifold air pressure

Fig. 14. Exhaust wall temperature at point 4 as a function of rotational
speed and manifold air pressure

Fig. 15. Exhaust gas temperature at point 5 as a function of rotational
speed and manifold air pressure
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The last measuring point is 1000 mm from the cylinder
head 1 practically at the end of the engine outlet manifold.
Again, an increase in speed and manifold air pressure caus-
es an increase in temperature — Figs 15 and 16. The lowest
recorded temperature occurs when the engine is idle and is
278°C for gas and 170°C for the manifold wall, respective-
ly. The highest occurs for the highest engine load I is 731°C
for gas and 637°C for the manifold wall, respectively.
Therefore, the temperature of both gases and the wall tem-
perature drops again compared to the previous point.

Fig. 16. Exhaust wall temperature at point 5 as a function of rotational
speed and manifold air pressure

Temperature differences between the gas and the ex-
haust manifold wall were also analyzed. For the first meas-
uring point, Fig. 17, it is visible that the increase in speed
leads to an increase of the difference and the increase in
manifold air pressure decrease of this difference. The
smallest difference of 71°C was recorded for the rotational
speed of 4555 rpm and manifold air pressure of 21 kPa. The
largest one, i.e. 14°C, was recorded at 4015 rpm and 21
kPa.

Fig. 17. Temperature difference between exhaust gas and exhaust manifold
wall at point 1 as a function of engine speed and manifold air pressure

A different relationship was observed for point 2 — Fig.
19. At this point, the increase in engine speed and manifold
air pressure results in an increase in the difference in tem-
perature analyzed. The lowest value equal to 93°C was
recorded for idling and the highest value of 161°C for max-
imum power.

Fig. 19. Temperature difference between exhaust gas and exhaust manifold
wall at point 2 as a function of engine speed and manifold air pressure

Fig. 20. Temperature difference between exhaust gas and exhaust manifold
wall at point 3 as a function of engine speed and manifold air pressure

A similar relationship can be seen at point 3 — Fig. 20.
The lowest value of 92°C was recorded for idling and the
highest value of 186°C for maximum power.

Also at point 4, the dependence of the temperature dif-
ference on the engine speed and manifold air pressure is
similar to the previous points — Fig. 20. The lowest value of
56°C was recorded for idling and the highest value of
118°C for maximum power. However, there is a significant
flattening of the analysed difference at higher rotational
speeds and intake manifold pressures. In the speed range
above 4000 rpm and pressure above 60 kPa, the tempera-
ture difference is almost unchanged.
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Fig. 21. Temperature difference between exhaust gas and exhaust manifold
wall at point 4 as a function of engine speed and manifold air pressure

The smallest changes, i.e. the greatest stability of the
temperature difference between the gas and the walls of the
exhaust manifold, are shown in point 5 — Fig. 22. The ap-
proximated value of the differences oscillates around 80—
100°C and the visible deviation of measurement points
from the approximated surface results from a random se-
quence of measurements.

Fig. 22. Temperature difference between exhaust gas and exhaust manifold
wall at point 5 as a function of engine speed and manifold air pressure

4. Conclusions
Conducted tests of temperature distribution along the

exhaust manifold allowed the following conclusions to be

made: The temperature distribution along the outlet mani-
fold is the result of the study:

1. The temperature of the exhaust gases and the tempera-
ture of the exhaust manifold walls is proportional to the
engine speed and the load degree expressed by the
manifold air pressure. The operating conditions have
a significant influence on the temperature level. At
a point 30 mm from cylinder head no. 1, the minimum
exhaust temperature was 536°C and the maximum
temperature was 762°C.

2. The temperature of the exhaust gas and the temperature
of the exhaust manifold walls decreases with the dis-
tance from the cylinder head. An exception to this rule
is the exhaust outlet from the silencer to the exhaust
pipe, where the temperature rises relative to the silenc-
er temperature as a result of re-compression.

3. The maximum exhaust gas temperature does not de-
crease significantly with length. It is 762°C at point 1
and 731°C at point 5 (1000 mm from cylinder head no.
1). A similar gradient is visible at the temperature of
the exhaust manifold wall: 661°C at point 1 and 637°C
at point 5, respectively.

4. The lowest average temperatures of exhaust gas and
manifold walls are at point 3 — silencer. This is due to
the temperature drop due to the expansion of the ex-
haust gases.

5. At all measuring points, the temperature difference
between the exhaust gas and the walls remains within a
similar range. The average value is about 120°C and
results from the thermal conductivity of the exhaust
manifold material and the degree of heat transfer to the
surroundings.

To summarize, it can be stated that the engine exhaust
manifold can be used as a heat source for the thermogenera-
tor. Due to the level of maximum temperatures exceeding
the limit values for thermocouples, it is not possible to
install them directly on the manifold walls. It is therefore
necessary to use heat-conducting elements that allow the
temperature to be lowered to acceptable levels.

Acknowledgements

This work was financed from the core funds for statutory R&D
activities by the Polish Ministry of Science and Higher Education.
The authors gratefully acknowledge the support.

Bibliography

[1] CZARNIGOWSKI, J., SKIBA, K. Electric energy balance
of the ROTAX 912 with fuel injection. Journal of KONES
Powertrain and Transport. 2017, 24(1). DOL: 10.5604/
01.3001.0010.2834.

[2] KANG, G.-W., HU, Y., LI, Y.-D., JIANG, W.-H. Parameters
matching of ultralight electric aircraft propulsion system.
Hangkong Dongli Xuebao/Journal of Aerospace Power.
2013, 28(12), 2641-2646. www.scopus.com/inward/record.
uri?eid=2-s2.0-84891890860&partnerID=40&md5=
b9e3dab95eb862a2441425fefd7848bc

[3] STOCKHOLM, J.G. Applications in thermoelectricity.
Materials Today: Proceedings. 2018, 5(4), 1, 10257-10276,
DOI:10.1016/j.matpr.2017.12.273.

[4] TOMAZIC, J., TOMAZIC, T., ZEMVA, A. Battery-cell
balancing in electric-powered ultralight aircraft [Napetostno
izenacevanje akumulatorjev v ultralahkih letalih na ele-
ktri¢ni pogon]. Elektrotehniski Vestnik/Electrotechnical Re-
view. 2010, 77(4), 188-193, www.scopus.com/inward/re-
cord.uri?eid=2-s2.0-79551613076&partnerID=40&md5=
6d7e93c2b8b848245c2bde2a25aa311e

COMBUSTION ENGINES, 2019, 177(2)

17



Investigations of the temperature distribution in the exhaust system of an aircraft piston engine

(5]

ZHU, Q., FORSYTH, A., TODD, R. Investigation of hybrid
electric aircraft operation on battery degradation. 2018 IEEE
International Conference on Electrical Systems for Aircraft,
Railway, Ship Propulsion and Road Vehicles and Interna-
tional Transportation Electrification Conference. ESARS-
ITEC 2018, art. 8607617, 2019. www.scopus.com/inward/
record.uri?eid=2-s2.0-85062082639&doi=10.1109%2fESA
RSITEC.2018.8607617&partnerID=40&md5=67fc1d4b18d
7bb37a139a17¢9d0d0d7e

Jacek Czarnigowski, DSc., DEng. — Faculty of

Mechanical

Engineering, Lublin University of

Technology.

e-mail: j.czarnigowski@pollub.pl

Kamil Bubenski, Eng. — Faculty of Mechanical
Engineering, Lublin University of Technology.

e-mail: kamil.dubenski@pollub.edu.pl

(6]
(7]

(8]
[9]

2015 General Aviation Statistical Databook & 2016 Indus-
try Outlook General Aviation Manufacturers Association.
European Aviation Safety Agency. Certification Specifica-
tions for Very Light Aeroplanes CS-VLA. ED Decision
2009/003/R.

Light Aircraft Global Market Growth, CAGR, Trend Status
and Forecast 2018- 2025. ReportHive 2018.

Regulatory Options for the European Light Aircraft (ELA1)
Phase 3 FINAL REPORT”. november 2010 EASA.

Krzysztof Skiba, MEng. — Faculty of Mechanical
Engineering, Lublin University of Technology.

e-mail: k.skiba@pollub.pl

18

COMBUSTION ENGINES, 2019, 177(2)



Article citation info:
SZYMLET, N., LUEWSKI P., RYMANIAK, L. et al. Comparative analysis of exhaust emissions from passenger and motorcycles.
Combustion Engines. 2019, 177(2), 19-22. DOIL: 10.19206/CE-2019-204

CE-2019-204

Natalia SZYMLET
Piotr LIIEWSKI

Lukasz RYMANIAK
Barbara SOKOLNICKA
Maciej SIEDLECKI

Comparative analysis of exhaust emissions from passenger cars and motorcycles

The subject of this article is a comparative analysis of exhaust emissions for: HC (hydrocarbons), CO (carbon monoxide), CO, (car-
bon dioxide), NO, (nitrogen oxides) from a passenger vehicle and a motorcycle in laboratory conditions on a dynamometer station. The
first vehicle category was represented by a compression-ignition engine with a displacement volume of 1.3 dm’ and a power of
66 kW. The exhaust aftertreatment system included a catalytic converter and a particulate filter. The second category was a motorcycle,
equipped with an engine with a displacement of 0.7 dm’ and a maximum power of 55 kW. The two-wheeled vehicle was equipped with
a three-way catalytic converter. Speeds were modeled on the European type approval test — NEDC (New European Driving Cycle). In
order to conduct a comparative analysis of exhaust emissions and fuel consumption from vehicles of different categories, the obtained
results were presented in the form of emissions converted into passenger-kilometers (g/pkm). The research used modern equipment
belonging to the PEMS (Portable Emissions Measurement Systems) group of devices. The analyzes carried out enable the decision mak-
ing on which vehicles have a greater environmental impact due to their exhaust emissions, taking into account the distance and the
number of passengers carried.

Key words: combustion engines, passenger car, motorcycle, emission

1. Introduction

Globalization, leading towards the integration and inter-
dependence of countries worldwide, not only in the cultural
but also in the economic aspect, results in a smoother ex-
change of goods and their mass consumption. This also
applies to the automotive industry. The effect of this phe-
nomenon is excessive degradation of the natural environ-
ment by the road transport sector, which is particularly
evident in urban agglomeration centers. For example, in
Poznan in 2017, the number of newly registered passenger
cars reached 425 383, so there were 790 of them per 1000
inhabitants [6]. If the total number of vehicles is taken into
account, they exceeded the number of inhabitants by over
24 thousand (Fig. 1). This trend is expected to continue and
now this indicator is even larger.

Fig. 1. The number of vehicles registered in Poznan in 2017 and the number
of inhabitants [6]

Motor vehicles usually have 3 or 4 seats for passengers.
The literature analysis carried out by the authors regarding
the rate at which the seats in passenger cars are used al-
lowed to estimate it at 1.2 [3]. The scientific work describ-
ing the average number of passengers per car in the
Bialystok agglomeration on various days of the week was
on average 1.54 [2]. This results in exacerbating the phe-

nomenon of congestion, resulting in the losses of not only
to time and economic losses but also environmental losses.
Many studies have shown that the highest exhaust emission
values of toxic compounds can be observed for the idle
engine operation, where the vehicle uses a significant
amount of fuel to overcome its own internal motion re-
sistance, without producing any useful work [5].

An easy solution to problems related to urban mobility
in the aspect of the congestion phenomenon is the use of
urban single-track vehicles, whose share is significant in
densely populated Asian countries. However, in highly
developed countries (e.g. European countries), motorcycle
units with larger displacement engines enjoy greater popu-
larity, which does not improve the emission rates in the
city, also taking into account their limited transport capaci-
ty. In addition, the approval rules for two-wheeled vehicles
are more liberal compared to other motor vehicles. In Poz-
nan, there is a continuous increase in the number of vehi-
cles of both categories, as shown in Fig. 2 [6].

Fig. 2. Vehicles registered in Poznan by type and year [6]

In the light of these problems, this publication is related
to considerations regarding the emissivity of various types
of vehicles (motorcycles and mopeds and passenger cars) in
terms of their transport capacity. For this purpose, the au-
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thors have compared the emissions of toxic compounds and
the fuel consumption of a motorcycle and passenger car per
one passenger kilometer.

2. Research metodology

2.1. Research objects

In order to compare the emissivity of different category
vehicles, a motorcycle and a passenger car were used for
the research. The test object representing the PC group
(Passenger Car) was a light vehicle, equipped with a com-
pression-ignition engine, with a displacement of 1.3 dm’
and with 66 kW of power. The exhaust aftertreatment sys-
tem consisted of a catalytic converter and a particulate
filter, the vehicle was manufactured in 2011 and it com-
plied with the Euro 5 emission norms. The second category
was represented by a motorcycle equipped with an engine
with a displacement of 0.7 dm® and a maximum power of
55 kW. The vehicle was manufactured in 2017, so it was
manufactured to meet the Euro 4 standard. Before the start
of the test, its mileage was recorded at 740 km, and the
exhaust aftertreatment system consisted of a three-way
catalytic converter (TWC).

2.2. Chassis dynamometer

The simulation of the NEDC type approval test drive
(New European Driving Cycle) for a passenger car was
performed on the laboratory engine stand, equipped with a
dynamic brake — DynoRoad (Fig. 3).

Fig. 3. Dynamometer test bench with the measuring apparatus

This test bench allows to define and input the design
features of the tested vehicle such as: mass, type of drive,
wheel size, air resistance coefficients or characteristics of
the gearbox. The diagram of the procedure is shown in
Figure 4. During operation, the combustion engine gener-
ates mechanical work converted into electricity by the
brake, which after voltage and frequency transformation is
transferred to the external network, and excess heat re-
moved by the air cooling system.

Motorcycle tests were carried out using a chassis brake
station with a single brake roll, designed for testing two-
wheeled vehicles. The DYNOmite motorcycle test bench
was manufactured by LAND&Sea [7]. The device can
record the vehicle's operational parameters (instantaneous
power, torque, speed, acceleration) as well as the distance
traveled.

Fig. 4. Diagram of the vehicle simulation process on a test bench

2.3. Measurement equipment

The exhaust emissions and fuel consumption measure-
ment were carried out using mobile devices from the PEMS
(Portable Emissions Measurement System) group.

SEMTECH DS apparatus (Fig. 5) was used to conduct
the exhaust emissions measurement of: HC, CO, CO,, NO,
from a passenger vehicle. To measure individual exhaust
gas compounds, the exhaust sample taken from the mass
flow sensor had to pass through a series of analyzers. How-
ever, first the sample is subjected to filtration in order to
separate out the solid particles. The first analyzer where the
sample is sent for testing was the FID (Flame Ionization
Detector) analyzer, enabling the determination of hydrocar-
bon emission. After cooling the exhaust gas to about 4°C,
the sample was then transported to the NDUV (Non-
dispersive Ultraviolet) analyzer, which determined the
content of nitrogen oxides. The content of carbon monoxide
and dioxide was determined using the NDIR (Non-
dispersive Infrared) analyzer. In the last stage, the sample
was sent to the electrochemical analyzer, where oxygen
content was measured [9].

Fig. 5. The SEMTECH DS. exhaust emission analyzer.

Measurements of the above-mentioned harmful exhaust
compounds emissions in the case of the four-wheel passen-
ger vehicle were made using the AxionR/S+ device.

The device consists of two sets of analyzers working in
parallel. Electrochemical analyzers are used to determine
the emission of hydrocarbons, carbon monoxide and diox-
ide, and oxygen and nitrogen oxide measurements are made
using the NDIR analyzer. What's more, the AxionR/S+
device allows the registration and measurement of motor
and vehicle data, i.e. acceleration, vehicle speed or intake
air temperature [8]. The key advantage of this device, in the
aspect of testing of two-wheelers, is its lightweight and
compact nature (low weight and small dimensions). Figure
6 shows the test object on the brake station with the meas-
uring apparatus.
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Both measuring instruments were calibrated and zeroed
before the tests in order to make the results independent
from background noise or ambient impurities.

Fig. 6. Picture of the tested motorcycle along with the measuring apparatus
on the designated dynamometer

2.4. NEDC test

The tests were carried out in accordance with the Euro-
pean NEDC type approval test, dedicated to light motor
vehicles. The test consists of two parts: the UDC urban
cycle (constituting four ECE 15 tests) and the extra-EUDC
cycle. The first test lasted 800 seconds, the second one —
400 seconds, each of them was characterized by different
maximum value of the vehicle speed (Fig. 7). The total test
time is therefore 1200 seconds, and the distance traveled
during the test is approximately 11 km.

Fig. 7. The NEDC test drive cycle speed profile [1]

3. Results and analysis

Data obtained during the NEDC test (the mass of indi-
vidual exhaust gas compounds, distance and number of
passengers) allowed to determine the emission per passen-
ger kilometer for each of the measured exhaust compound.
The emission values obtained for various categories of
vehicles (motorcycle and passenger car) were used for
comparison (Fig. 8). For a light vehicle, the drive was simu-
lated with three passengers, while the NEDC test in the case
of the two-wheel vehicle was performed only considering
the driver himself. What's more, based on the data concern-
ing the exhaust emission values of carbon containing com-
pounds, the fuel consumption for each of the tested vehicles
was calculated using the Carbon Balance method. The
comparison showed a significantly higher CO, and FC
emissions (by 157% and 151% respectively) obtained dur-
ing the motorcycle drive tests. This is mainly due to the less
efficient operation of spark-ignition engines (increased unit
fuel consumption), in particular when idling and in the case
of low engine loads that often occur in the NEDC test.
Undoubtedly, differences in fuel consumption and CO,
emissions would be much less significant if the passenger
vehicle was only transporting the driver, and if the total fuel

consumption and emissions were taken into account. For
the motorcycle the emission values of CO and NO, were
recorded to be 47 and 92% lower respectively relative to
the passenger car. This outcome was the result of the high
exhaust gas aftertreatment system efficiency of the motor-
cycle, which existed in the form of a three-way catalytic
converter (allowing oxidation of carbon monoxide and
hydrocarbons with simultaneous reduction of nitrogen ox-
ides). Moreover, the low emission values also resulted from
the fact that the vehicle had a lower mileage, in contrast to
the passenger car.

Fig. 8. Exhaust emissions comparison of gaseous compounds and fuel
consumption in a passenger-kilometer conversion from the two tested
types of vehicles

4. Conclusions

The tests and their analysis, which are the subject of this
article, were carried out in laboratory conditions at dyna-
mometer stations. The results allowed to formulate conclu-
sions on the impact of particular types of vehicles on emis-
sivity in urban agglomerations. The emission per one pas-
senger kilometer was calculated, and thus the aspect of
transport possibilities of particular types of vehicles and
their impact on urban emissivity is discussed in this paper.
The comparison showed significantly higher CO, and FC
emissions (respectively by 157% and 151%) obtained dur-
ing the motorcycle tests relative to the passenger car. How-
ever, lower values of CO and NO, were recorded for the
motorcycle, respectively by 47 and 92%, than for the car.
This result can be explained by the high efficiency of the
exhaust aftertreatment system in the form of a three-way
catalytic converter. This is a positive phenomenon in the
aspect of long-term engine operation and exhaust after-
treatment systems, because over time their consumption
will adversely affect the ecological indicators. It is estimat-
ed that, over time, the differences between the emission
values from the analyzed vehicles would gradually de-
crease.

Poznan is one of the largest cities in Poland, and is thus
facing an increasing problem of congestion, lack of parking
spaces, air pollution and noise. The solution to these issues
is the introduction of the concept of sustainable transport,
described in more detail in the White Book of Transport,
which assumes that mass transport should prevail in the city
urban core, with individual transport prevalent in suburban
areas. The main purpose of this document is: "Decrease in
the number of cars with conventional drive in urban
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transport by 2030". In addition, policies aimed at reducing
the problem of congestion, and thus emissivity in urban
agglomeration centers, resulted in the emergence of the
concept of carpooling. Carpooling (literally translating
"filling the car") means a paid system of traveling together
by a private or company vehicle by several people (usually

up to five), based around using all the available space in the
car during the trip. In the United States of America, such
a system is very popular. This publication has shown that
the use of full transport capacity has a positive effect on
emissions in the urban environment.
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F-16 turbofan engine monitoring system

The multirole F-16 is the most advanced aircraft in the Polish Air Forces. It has been equipped with the very modern, sophisticated
and advanced turbofan engine F100-PW-229. Due to the fact, that there is only one engine, its reliability, durability, efficiency and
performance are the crucial factors for the safety reasons. In the article author researched maintenance system of the F100 turbofan
engines, to describe Engine Monitoring System features. Engine Monitoring System (EMS) is the key element in the engine prognostic
and health monitoring. The EMS provides engine fault indicators to the pilots and technicians and with the engine performance trending
affects the F-16 flight safety risk and enhanced engine maintenance management concept. The main goal of this article was to provide
information on the F-16 Engine Monitoring System and its impact on the aircraft airworthiness and F-16 fleet readiness resulting from
the engine reliability. It is also an introduction to the F-16 Engine Health Management concept.

Key words: F100 turbofan engine, F-16, Engine Monitoring System (EMS), EDU, DEEC, Engine Health Management (EHM)

1. Introduction

The F-16 engine indicating and monitoring system al-
lows the operator, either a pilot or technician to follow and
monitor engine operation and performance.

Aircraft Maintenance Unit (AMU) being flightline level to
define required maintenance actions and to allow transfer of
data to ground support equipment for appropriate levels of
analysis and usage [1].

The main purpose of the EMS is to:
Determine which control system is installed and select

F-16 Engine Monitoring System (EMS) (Fig. 1) pro-
vides an electronic flow of engine life usage data to the a)
engine tracking systems. The EMS also collects infor- the appropriate set of diagnostic algorithms for accurate
mation during engine operation to support maintenance Line Replaceable Unit (LRU) isolation.
personnel during engine troubleshooting. These features b) Detect in-flight failures, set faults and isolate failures to
allow for increased aircraft availability, reduced mainte- the appropriate LRUs where possible.
nance man-hours per Engine Flight Hour (EFH), and more  ¢) Record pre- and post-event data when specific opera-
accurate tracking [8]. tional limits are exceeded.

The Engine Monitoring System (EMS) forms an inte- d) Establish EMS fault and engine NO-GO indications that
gral part of the overall engine maintenance management lead to determination of appropriate maintenance ac-
plan. The EMS acquires relevant engine data during flight. tions required at the flightline.

It analyzes the data and provides a concise output at the

Fig. 1. Engine Monitoring System
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Fig. 2 Engine Diagnostic Unit (EDU)

e) Acquire parts life tracking and trending data for pro-
cessing by ground support equipment and parts tracking
systems.

The EMS is composed of these basic units:

a) A Digital Electronic Engine Control (DEEC) — engine
mounted (Fig. 3).

b) An Engine Diagnostic Unit (EDU) — engine mounted
(Fig. 2).

¢) Comprehensive Engine Diagnostic Set (CEDS) (Fig.
10), Common Engine Transfer System (CETS), or Data
Transfer Set (DTS) — ground equipment.

d) Comprehensive Engine Trending And Diagnostic Sys-
tem (CETADS) and Intelligent Trending and Diagnostic
System (ITADS) or equivalent Ground Station Comput-
er (GSC) — ground equipment.

The heart of the F100 EMS is the Engine Diagnostic
Unit (EDU) (Fig. 2). This computer acquires control system
and engine data from the DEEC, engine sensors, and air-
craft inputs. In addition to the DEEC, the EDU (with the
aircraft integrated diagnostic system), provides fault detec-
tion using acquired data. These data are also used to record
maintenance information on faults and engine operation.
This computer contains logic software that analyzes engine
sensor data to determine engine operational integrity. The
EDU records an engine anomaly as a fault message and
identifies the event during flight. The EDU records fault
codes, selected engine operating parameters, and time/cycle
data. This fault and event data is transmitted to the Modular
Mission Computer (MMC) and can be accessed in the F-16
cockpit on the Multifunctional Display (MFD) in the form
of a Maintenance Fault List (MFL). Faults that require pilot
action or reduce mission capabilities are displayed on the
Pilot Fault List (PFL) [11].

The EDU provides the engine-to-airframe communica-
tions interface. The EDU acts as the main interconnect box
for engine/aircraft signals. An event or control system fault
that requires maintenance action or indicates potential en-
gine damage will cause the EDU to trip a no-go mainte-
nance alert flag on the Avionics Status Panel (ASP). After
each flight the maintenance crew checks the ASP. If the
engine no-go flag is tripped (Fig. 4), the maintenance crew
uses the CEDS to retrieve the maintenance information
within the EDU. If the engine no-go flag is not tripped, the
engine is released for flight or the CEDS can be used to

retrieve time/cycle data (at the end of the flying day). Faults
requiring maintenance action before the next flight will set
an EMS indicator.

Aircraft specific Fault Isolation (FI) manuals provide
troubleshooting trees for fault message) and direct appro-
priate maintenance actions.

Fig. 3 Digital Electronic Engine Control (DEEC)

Fig. 4. F-16 System Fault Flags
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2. EMS data flow

The EMS becomes operative at engine start and records
performance data at takeoff. There are two types of Takeoff
performance data: MIL-POWER (PLA between 83 and 90
degrees) and MAX-POWER (PLA at or above 90 degrees).

Sensor inputs from the engine are processed by the
DEEC. The DEEC conditions and digitizes these signals for
transmission to the engine mounted EDU. The EDU re-
ceives these signals, as well as signal inputs from the air-
craft and performs diagnostic logic and data storage. Data
downloading from the EDU is accomplished by connecting
the CEDS, CETS or DTS to the engine. There are six types
of DEEC and EDU fault or code categories: Event (EVT)
codes-1000 series, DEEC faults-2000 series, EDU faults-
3000 series, System faults-4000 series, Advisory faults-
5000 series and Performance advisories-6000 series. IT-
ADS faults are the 8000 series. This data is then download-
ed into the ground station software, which is currently CE-
TADS and ITADS.

EMS data flow is presented at Fig. 5.

Fig. 5. EMS Data Flow

The Engine Diagnostic Unit (EDU) (Fig. 2) is an en-
gine mounted, fuel cooled, self-contained diagnostic com-
puter used in Monitoring System that operates with con-
junction with the DEEC gr. V to acquire and record diag-
nostic data when the engine is operating. EDU stores data
that could be collected later on with Engine Monitoring
Support Equipment (EMSE) for further evaluation and
analysis. The EDU receives and stores engine and aircraft
sensor data, and control system data from the DEEC. These
signals and data are monitored by the EDU to detect control
system faults and engine malfunctions. When the EDU
detects a system fault or anomaly, it records a 3-digit fault
code, along with the time of event. This information is
stored in the EDU and is retrievable at the flightline level
for troubleshooting. The EDU receives and stores data in
six basic engine usage data groups: (Fig. 6) [1].

1. Time/Cycle Data. The EDU monitors the engine for
overlimit conditions. In addition, it accumulates low cy-
cles fatigue counts and engine flight hours.

2. Event Data. The EDU monitors the engine for overlimit
conditions and anomalies. The data is stored in three

parts: a three digit code number which identifies the
event, the elapsed time when the event occurred and
critical parameters to establishing minimum mainte-
nance requirements.

3. Fault Data. The EDU records engine control system,
DEEC and EDU faults. The fault data is used to deter-
mine maintenance requirements. Faults are stored in two
parts: three digit code number which uniquely identifies
the source of the fault.

4. Transient Data is recorded in the EDU when an auto
transfer to SEC has occurred, a random or recurrent
event has taken place or when requested by the operator
by positioning the AB RESET switch to ENG DATA
position.

5. Performance Data. During any of the two engine operat-
ing conditions, the EDU automatically records nine pa-
rameters. The operating conditions are: on the ground at
intermediate power or takeoff at intermediate or maxi-
mum power.

6. Documentary Data. It is used to for parts life tracking
and configuration management.

Fig. 6. EDU Engine Data

The F-16C/D Block 52 is powered by the Pratt & Whit-
ney F100-PW-229 low-bypass, high compression ratio,
fully ducted, twin—spool turbofan engine which incorpo-
rates a FADEC Digital Electronic Engine Control (DEEC).

The Digital Electronic Engine Control (DEEC) is a fuel
cooled, engine mounted, full authority, electronic control,
digital computer (Fig. 3). It is mounted to the front fan duct,
on the left side, at approximately the 8 o’clock position.
The DEEC provides precise management of thrust and
airflow in response to Power Lever Angle (PLA) changes
while in the Primary (PRI) mode of operation. It monitors
engine temperature, speed, and pressure limits, while main-
taining stall margin during steady state and transient condi-
tions. The DEEC continually examines and accommodates
control system faults. These faults are recorded as a three-
digit code and stored in the DEEC, and then transferred to
the EDU. If the DEEC cannot control the engine due to an
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engine fault, or a problem with the system itself, engine
control is transferred to the Secondary (SEC) mode portion
of the Main Fuel Control (MFC), thus placing the engine in
SEC mode of operation.

The DEEC responds to approximately 50 input parame-
ters and provides approximately 20 outputs to the hydrome-
chanical components (Fig. 7). The DEEC provides the
engine system with maximum level of save operation along
with fault detection and accommodation. Polish Air Force
are using two series of DEEC: group V and Group VI. The
Group VI DEEC will incorporate all functionality of the
EDU [3].

Input signals for DEEC gr V:

a) Fan inlet static pressure (Ps2)

b) Burner pressure (Pb)

¢) Fan turbine discharge pressure (Ptém)

d) Fan inlet temperature (Tt2)

e) Fan turbine inlet temperature (FTIT)

f) Front compressor speed (N1)

g) Rear compressor speed (N2)

h) Geometry position signals from Resolvers

i) Augmentor light-off detector (LOD)

j) Ps2 resistance temperature detector (RTD)

k) Metering/sequencing Valve position

1) Several airframe signals

m) Automatic warning system

DEEC VI Series: DEEC group VI has additional fea-
tures:

a) Temperature sensor TT3

b) Instead of EDU there is Prognostic Health Monitor
(PHM) built in DEEC (more memory available, higher
resolution of data scan)

¢) Predictive Prognostics

d) Useful Life Remaining Predictions

e) Component Life Tracking

f) Performance Degradation Trending

g) Selective Fault Reporting — Only tells pilot what
NEEDS to be known immediately — Informs Maintenance
of the rest of the engine information

h) Supports Maintenance Decision Making & Resource
Management

i) Fault Accommodation

j) Information Management

The DEEC monitors engine operation for possible
anomalies. If an anomaly is detected, the DEEC will record
the anomaly and inform the Engine Diagnostic Unit (EDU).
The DEEC also takes corrective action depending on the
severity of the anomaly.

There are 5 Engine Control Loops (Fig. 8):

a) Compressor Inlet Variable Vanes (CIVV)

b) Rear Compressor Variable Vanes (RCVV)

¢) Main Fuel Control (MFC)

d) Augmentor Fuel Control (AFC)

e) Exhaust Nozzle Area (AJ)

Compressor Inlet Variable Vanes - its purpose is to im-
prove fan efficiency and stall margin by controlling the air
entering the fan.

a) Primary Mode Control

— Scheduled as a function of fan speed and TT2

b) Secondary Mode Control

— Move to fully cambered position

Fig. 7. F-16 Engine sensors and control - DEEC Inputs and Outputs [3]
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Fig. 8. Digital Electronic Engine Control Inputs and Outputs [7]

Rear Compressor Variable Vanes — its purpose is to
maintain satisfactory compressor performance and stall
margin over a range of operating conditions by varying the
angle of the core inlet guide vanes and the following 3
stages of core stator vanes

a) Primary Mode Control

— Scheduled as a function of core speed, fan speed and
TT2

b) Secondary Mode Control

— Scheduled as a function of core speed and TT2

Main Fuel Control — its purpose is to meter fuel to the
core engine to increase thrust levels as a function of pilot
demand.

a) Primary Mode Control

— Scheduled to maintain fan speed and EPR request, but
can be overridden to ensure adequate speed, pressure tem-
perature limits are maintained. In order to support normal
engine operation in this mode MFC controls the following
actions:

* increases and decreases fuel flow as scheduled by the
DEEC;

* provides actuation pressure to CIVV control and cyl-
inder;

* actuates RCVV system as scheduled by the DEEC;

* sends primary/secondary mode signal to DEEC and
airframe;

» provides washed/filtered fuel regulated servo pressure
to engine servos;

* actuates compressor bleed system as scheduled by the
DEEC.

b) Secondary Mode Control

— Scheduled to maintain safe temperature, speed and
stall margins in the absence of active speed and temperature
limits. In this mode MFC reacts on:

* hydro-mechanical control of fuel flow using PLA, TT2
and PS2 as inputs.

* schedules RCVV system with TT2 and N2 as inputs.

» provides washed/filtered fuel regulated servo pressure
to engine servos.

* actuates compressor bleed system during start.

During routine/daily maintenance data stored in the
EDU and DEEC can be manually downloaded after every
flight and viewed. Then fault data if used for troubleshoot-
ing and also to check the EDU and DEEC for any malfunc-
tions. Data is also sent to the engine tracking section where
the documentation data is checked for proper numbers.

There are five basic types of faults identified. Each fault
is identified with a four digit-code.

1. DEEC V fault series:

a) 1000 series Event Fault : engine anomalies such as
hung start and FTIT overtemperatures.

b) 2000 series: DEEC Fault

¢) 3000 series: EDU Fault

d) 4000 series: System Faults (any control
anomalies)

e) 5000 series: Advisories
2. DEEC VI Series:

a) 1000 series: Engine anomailes

b) 2000 series: DEEC Fault

¢) 4000 series: System Faults

d) 5000 series: Advisories

system

3. Engine Tracking System

Engine data is permanently stored by the Engine Track-
ing System (ETS). Complete engine history can be recalled
in various reports from this system. The ETS consists of
either: Comprehensive Engine Management System Incre-
ment IV (CEMS IV) used by the United States Air Force
(USAF) to track engines, or Advanced Compact Engine
Tracking System (ACETS) used by the air forces of other
countries to track their engines [9].

The ETS tracks engines/components requiring time change
and/or Time Compliance Technical Order (TCTO) action.

Transfer/download of data from the EDU is accom-
plished using Engine Monitoring Support Equipment (EM-
SE), which consists of the following:

a) Comprehensive Engine Diagnostic System (CEDS)
provides complete capability to interface with the
EDU/DEEC and to monitor/record engine operation in
a lightweight unit.
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b) The downloaded data is used to aid maintenance
personnel and is transferred to the engine tracking section

The Comprehensive Engine Diagnostic Unit (CEDS) is
a ground-based data collection and diagnostic system (Fig.
9) that supports F100 engines using the Engine Monitoring
System (EMS). The CEDS acquires, processes, and dis-
plays engine data to maintenance crews and can transfer the
data to Air Force tracking systems, such as:

a) Comprehensive Engine Management System Incre-
ment [V (CEMS 1V)

b) Advanced Compact
(ACETYS).

Engine Tracking System

Fig. 9. Typical Engine Monitoring System

The CEDS is used to communicate with the Engine Di-
agnostic Unit (EDU), Digital Electronic Engine Control
(DEEC), and Data Collection Unit (DCU).

Engine Downloading
Downloading is usually performed using a single CEDS
transfer unit (Fig. 10) to download all aircraft in a section.

Fig. 10. Comprehensive Engine Diagnostic Set CEDS

This configuration is typically used at the end of the fly-
ing day, if the pilot reported an engine anomaly, or in the
event of an EMS-reported engine malfunction (aircraft NO-
GO flag tripped).

DEEC download capability supports special investiga-
tions and is not required during normal maintenance.

Only fault code data will be downloaded (without a time
stamp). This data is for read-only purposes and will not be
stored in the CEDS.

4. Engine Monitor

CEDS allows the operator to perform real-time monitor-
ing of an aircraft-installed engine (O-Level) [3].

This is typically performed during engine troubleshoot-
ing or operational checks, as required by the applicable
Technical Order (T.O.).

The Intermediate Maintenance (IM or I-Level) is used at
the test cell, after engine maintenance, or when trouble-
shooting, as required by the applicable T.O. The CEDS
transfer unit is permanently mounted in the control room of
the Hush House in conjunction with the interconnecting
box (Fig. 11).

Fig. 11. Engine Monitoring System at I-Level

The EDU downloads are normally done at the end of the
day for flight-line operations, at the end of the acceptance
test for test cell operations, or when faults are detected by
the EMS.

The EDU download summary report (Fig. 12) provides
a brief summary of downloaded data. An option is provided
for the operator to examine the download data in detail.
When downloading data from the EDU, CEDS will store
identical data into two locations. One location is a file to
transfer data to Air Force tracking systems. The other loca-
tion stores the data in the CEDS database (internal
memory). Up to 500 complete downloads may be stored in
CEDS memory at a time.

Once CEDS memory is full, subsequent downloads are
accommodated by deletion of the oldest data in CEDS
memory. The transfer file grows continuously until the data
is transferred to Air Force tracking systems or CEDS runs
out of memory.

If CEDS detects an error during its operations, messages
will be displayed to inform the operator of a malfunction.

CEDS (Fig. 10) allows the operator to download/view
DEEC fault codes, clear DEEC fault codes, update DEEC
logic, perform an LOD test, and view the memory locations
within the DEEC that may be required to support special
investigations, as requested by P&W.
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Fig. 12. EDU Download Summary Report

Fig. 13. CEDS menu

EMS Report Generator

The EMS Report Generator option (Fig. 13-14) allows
the generation and display of EMS data in several different
screen formats.

Fig. 14. EMS Report Generator submenu

The secondary menu options are described on the fol-
lowing pages.

1. Flight Data Report — This option allows the operator to
view all or selected parts of information recorded from
a selected engine for a single download.

The data may be contained on several different screens
(Fig. 15-20). It shows all downloads stored in CEDS for the
engine selected like:

1. Documentation data and time/cycle data:

Fig. 15. Documentation data and time/cycle data

2. Engine Fault Data:

Fig. 16. Engine Fault Data
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3. Engine Performance data:

Fig. 17. Engine Performance Data

4. Event (maintenance) Data;

Fig. 18. Event (maintenance) Data

5. Engine Advisory Data:

Fig. 19. Engine Advisory Data

6. Transient data.

Fig. 20. Engine Transient Data

Engine Monitor

The engine monitor option allows the operator to
view/record real-time EDU (Fig. 21) or DEEC (Fig. 22)
with the engine running or view DEEC parameters when
the engine is static. The operator is presented with a display
of selected parameters and may select up to four additional
parameters.

Fig. 21. EDU Real Time Monitor

Fig. 22. DEEC Real-Time Monitor

Troubleshooting scenario for flightline operations

When the aircraft returns, the ground crew performs the
required postflight inspections including a check of aircraft
system fault indicators. The ground crew takes the follow-
ing actions based on the fault indicator flags.

When neither flag (Fig. 4) is tripped (NO-GO or EMS),
the aircraft is released. When the NO-GO or EMS BIT flags
are tripped, the technician uses Engine Maintenance Sup-
port Equipment (EMSE) to download the EDU and extract
fault data.

If a fault has been recorded by the EMS, the technician
refers to the Technical Order (T.O.) work package, which
contains information required to troubleshoot the fault and
return the engine to service.

There may be instances when the pilot or engine opera-
tor may complain about improper engine operation, but the
EMS will not indicate a need for troubleshooting (no fault
or event codes).

Aircraft Indications

Troubleshooting usually begins with an engine malfunc-
tion reported by the pilot. Most engine anomalies will be
reported by the pilot and recorded by the EMS. However,
some engine faults will be recorded only by the EMS
(without the pilot noticing any fault exists). The pilot may
report some engine anomalies only (no EMS data).

Cockpit indicators can be verified to ensure that the
fault exists with the engine and not the airframe. It is done
by using the Comprehensive Engine Diagnostic System
(CEDS) to check the engine EMS faults that are recorded.
Indicators in the cockpit may be erroneous due to an air-
frame malfunction.

The pilot monitors engine parameters through gauges
mounted in the cockpit (Fig. 23).
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Fig. 23. Engine Controls and Indicators [1]

Table 1. Engine indicators

Indicator Description
HUD (Head-Up Display) Warnings, Fuel, Pilot Fault List (PFL)
Master Caution Illuminated for all warnings displays and PFLs
Engine Fire Engine Bay Temperature >765°F
HYD/OIL Engine Oil Pressure < 10 PSI
ENGINE Engine overtemperature, flameout or stagnation
PFLs (located on the data entry display) Pilot Fault List
A/B Failure Augmentor Failure

Mach No. Failure

Loss of the Mach signal to the DEEC

DEEC/EDU Communication Failure

Loss of the multiplex (MUX) communication to the EDU/DEEC

Anti-ice overtemperature

Anti-ice problems

Anti-ice valve Failed Closed

Anti-ice problems

Engine Low Thrust (indicates both FTITA and FTITB signals failed)

Engine Low Thrust

A/C Engine MUX-Bus Failure

Caution Panel, Engine in Secondary Mode (SEC)

Engine Fault

PFL Fault present

Overheat

Engine bay overheat

Inlet Icing

Icing Condition Present

Fuel/Oil Hot

Fuel temperature is hot causing a hot oil condition

UCADC

Upgraded Central Air Data Computer Failure

The engine parameters that are monitored in the cockpit
are:

1. Core rotor speed: N2 (% RPM)

2. Fan turbine inlet temperature: FTIT (°C)

3. Fuel flow: (PPH)

4. Exhaust nozzle position: ENP (%)

5. Main oil pressure: MOP (PSI).

Caution lights alert the pilot to warnings or malfunc-
tions and indicate the engine system affected. The pilot
takes appropriate action required by the indication.

F-16 engine indicators are shown in Table 1.

5. Engine fault troubleshooting procedure
Engine troubleshooting procedures are the part of Tech-
nical Manual Fault Isolation Power Plant MODEL F100-

PW-229 [12]. This manual provides fault identification,
description and isolation procedures for power plant system.

Fault Identification and Description.

The fault diagnostic logic information appears in the
body of the page in block flow form (Fig. 24). This form
identifies the fault as well as relevant conditions leading to
a specific eight-character numeric-alphanumeric code.
It provides the conditions existing at the time the fault oc-
curred and/or, when applicable, a crossreference listing
from self-test failed test number to a fault code.

As an example, a complete fault code as would appear
on a fault identification page or in a job guide test result
(except for location code) is as follows: 70-00-AD-00. The
fault code elements are broken down as follows:
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The two-letter fault identifier used to identify faults is
assigned so that the first letter identifies the basic fault. The
second letter identifies a subfault found within the basic
fault.

Fault Isolation Procedures

The user will find the fault isolation procedure for the
required fault code on the appropriate fault isolation proce-
dure flow chart. Each fault code is followed by a series of
action instructions contained in rectangular blocks with the
monitored results of the actions outside the blocks (Fig. 24).
These actions terminate with fault correction instructions or
reference to a schematic diagram or another system fault
isolation manual for further fault analysis. The action
blocks also contain any required reference to locator data,
schematic or wiring diagrams, or job guide function in
parentheses (Fig. 24).

Fig. 24. Fault Isolation Flow Chart [12]

The next step of the fault troubleshooting it to follow
the procedures in the LOG BOOK REPORT (70-00-00)
section of the aforementioned fault isolation manual (Fig.
25).

Information from the Log Book Reports leads to the
fault tree. In this case: 70-00-AA (Fig. 25). Fault tree of our
interest is described in the Fault Isolation Information (70-
00-00) (Fig. 26).

In our case scenario first step of the fault isolation pro-
cedure is to review even/fault data in accordance with the
supplemental data described in Tables 9-1 and 9-5 (Fig.
26). Supplemental data from Table 9-1 provides the infor-
mation about EMS data downloading procedures (Table 2).

SECTION II
LOG BOOK REPORT (70-00-00)
PILOT DETECTABLE FAULTS

NOSTAKI

AA No start; RPM not OK; Fault Tree 70-
00-AA

AD No start; RPM not OK; no Pilot Fault

List (PFL) or MFL displayed; did not
increase above 27%; primary. Fault
Tree 70-00-AD

No start; RPM not OK; no PFL or
MFL displayed; did not increase
above 27%; secondary. Fault Tree 70-
00-AL

AL

AH  Hot start (ground); FTIT high; no PFL or MFL displayed;
did not exceed 11120C; exceeded 1098 °C longer than 5
seconds; primary. Fault Tree 70-00-AH

AQ  Hotstart (ground); FTIT high; no PFL or MFL displayed;

did not exceed 11120C; exceeded 1098 °C longer than 5
seconds; secondary. Fault Tree 70-00-AQ

Fig. 25. Log book report (Fault code 70-00-AA) [12]

Fig. 26. Fault tree. Fault isolation information [12]
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Table 2. Fault Data Review procedure

PROCEDURE

NORMAL
INDICATION

REMEDY FOR ABNORMAL
INDICATION

Aircraft safe for maintenance (JG10-30-01)

Power source: Battery

Support Equipment: Common Engine Transfer Set

1. Open access door 3309 and 3316

2. Connect data download cable to receptacle J1 on CETS unit

3. Connect data download cable to receptacle J146/1

4. Position laptop power switch to ON

5. Select WinCEDS from menu shell program or double click on WinCEDS
icon

6. With CET unit on main menu, select EDU COMMUNICATIONS
7. Select EDU DOWNLOAD. Verify cable connection. Select OK

No faults/events
displayed

Troubleshoot existing events/faults per supplemental
data, Table 9-5. If communication error is displayed,
replace CETS and cables. If problem persists go to
fault code 77-00-ZF

If there are no engine fault codes downloaded from ei-
ther EDU or DEEC then one should follow the Fault tree
branch downwards from (Fig. 26). In case there are some
fault codes downloaded one should follow the supplemental
data in Table 9-5 (Table 3 and Table 4).

There are six basic types of events/faults. Each
event/fault is identified with a four-digit code. A different
series of numbers is used for each fault type; i.e., EDU
events are 1000 to 1999, DEEC faults 2000 to 2999, EDU
faults 3000 to 3999, system faults 4000 to 4999, and EDU
advisory faults 5000 to 5999, and 8000 series ITADS faults.

Intelligent trending and diagnostics system (ITADS)
faults are displayed as four digit code numbers (8000 series)
on the comprehensive engine trending and diagnostics sys-
tem (CETADS) only after engine data is downloaded from

the EDU and uploaded to the engine management computer
running the CETADS software. ITADS only utilized takeoff
performance data sets. It does not utilize ground performance
data sets or test cell performance data [9].

Let us assume that the fault code downloaded was the
1120 (Table 5).

Corrective action should be followed in accordance with
the chart “P” (Table 6). If the engine control mode was the
PRIMARY MODE then one should go to fault code 70-00-
AD. In case it was SEC MODE - fault code 76-00-BG.

Following the Log Book Report (Fig. 27) one may find
the right corrective action searching for the Fault tree
70-00-AD.

Part of the fault isolation procedure of the fault tree 70-
00-AD is shown in the Fig. 28.

Table 3. EDU event. EDU fault, DEEC fault, System fault and EDU advisory code reference

MFL / PFL FAULT CODES EVENT/FAULT CORRECTIVE ACTION
CODES DESCRIPTION CHART | TABLE | MIDAS FAULT CODE
Table 4. Supplemental data for EDU event, EDU fault, DEEC fault, system fault, cont.
MFL/PFL FAULT EVENT/FAULT CORRECTIVE ACTION
CODES | (CODES DESCRIPTION CHART | TABLE MIDAS FAULT CODE
023 4054 RCVYV Resolver Number 2 Position 76-00-ZY
024 4050 RCVV Resolver 76-00-ZS
025 1000 Stagnation A
Table 5. Supplemental data for EDU event, EDU fault, DEEC fault, system fault, cont.
MFL/PFL FAULT EVENT/FAULT CORRECTIVE ACTION
CODES CODES DL AL CHART | TABLE MIDAS FAULT CODE
036 1090 N2 Overspeed G
037 1120 Engine No Start P
038 1151 Axial RCVV Flutter H
Table 6. CHART P. Engine no start corrective procedures
CHART P. ENGINE NO START
NOTE
. If fault was recorded during wet or dry motoring procedure, or engine depreservation, trouble shooting is not required.
. Following data may be obtained during engine data review to determine appropriate troubleshooting procedure: control mode (primary
or secondary)
PRIMARY SECONDARY
A B
CORRECTIVE ACTION
“A” — Go to fault code 70-00-AD “B” — Go to fault code 76-00-BG
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Let us assume one have reached to the point when we
should check main fuel gear pump filter assembly IAW
supplemental data from Table 9-32 (Table 7).

While inspecting fuel filter one finds it clogged by
a foreign material. Then one should install filter IAW Job
Guide JG73-00-09 (Table 8).

The next step of the troubleshooting procedure is to per-
form engine start and leak check IAW (JG70-00-01) as

NO STAKT
AA  No start; RPM not OK; Fault Tree 70-
00-AA

a follow-on maintenance of the MFGP Fuel Filter element,
removal and installation procedure IAW T.O PL1F-16CJ-2-
73JG-00-21 (Table 9).

This step ends fault isolation procedure. As a result of
the case study research we may propose the Engine Dis-
crepancy Removal Schematic Diagram (Fig. 29).

AD No start; RPM not OK; no Pilot Fault List
(PFL) or MFL displayed; did not increase

above 27%; primary. Fault Tree 70-00-AD

Fig. 27. Log Book Report (Fault code 70-00-AD)

Fig. 28. Part of the Engine Fault Tree (Engine Fault 70-00-AD)

Table 7. Supplemental data. Main fuel gear pump filter assembly inspection procedure (part of Table 9-32)

1.  Remove main fuel gear pump filter (JG73-00-09)
2. Visually inspect filter assembly (Figure 9-48) as follows:

NOTE
Instructions for main fuel gear pump filter assembly inspection are unique to gear / pump bypass valve configuration

INSPECTION CONDITION MAXIMUM SER- CORRECTIVE ACTION
AREA VICEABLE LIMITS
Fuel filter cover Cracks or distortion None Replace cover
Stripped, crossed or worn None Replace cover
threads
Packing groove for wear and None Remove foreign material. If grooves are damaged, replace cover
foreign material build-up
Differential pressure indicator None If housing is damaged or operation is not smooth, replace cover. After
housing operation check, reset differential pressure indicator by inverting fuel filter cover
and pressing button. If indicator does not reset, replace differential
pressure indicator (JG73-00-25)

Table 8. Troubleshooting procedure for the clogged filter (part of Table 9-32), cont.

PROCEDURE

3. Install main fuel pump filter (JG73-00-09)

Table 9. Part of the MFGP Fuel Filter element, removal and installation procedure

TO PL1F-16CJ-2-73JG-00-21

FOLLOW-ON MAINTENANCE:

. (2) Perform engine start and leak check (JG70-00-01).
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Fig. 29. Engine discrepancy removal schematic diagram. Own elaboration

6. Summary

Engine Monitoring System (EMS) is the key element in
the engine prognostic and health monitoring. This is also
the integral part of the engine performance trending. It
allows to track engine performance parameters and their
projections using historical data. In cooperation with Prog-
nostic Health Monitor (PHM) and Engine Management
And Tracking System (EMATYS) it allows engine mainte-
nance personnel for an easier troubleshooting and im-
provements implementation (right maintenance in right
time), Time Accumulated Cycles TACs counting, engine

parameters analysis, life time usage and the possibility of
forecasting engine life remaining time. As a result, it is
possible to manage engine components replacement, mod-
ules, and forecasting spare parts in advance.

As most of the complex systems it requires special
preparation and experienced personnel. It supports engine
tracking personnel in their work but it will never replace
experienced and qualified personnel in engine diagnosis
and prognostics.

It is very important to stress that while performing en-
gine discrepancies removal sometimes corrective actions
described in the fault isolation manual are just the most
probable solution of the encountered problem. It does not
guarantee that all engine discrepancies found during flight
operations could be removed with the proposed corrective
actions. In many cases one goes through the whole engine
troubleshooting process, reaches the end of the engine fault
tree and does not find the solution for the encountered en-
gine problem.

Nomenclature
Al Exhaust nozzle area FTIT Fan Turbine Inlet Temperature
AJRATIO  Exhaust nozzle area ratio (Aj CENC feedback / GSC Ground Station Computer
calculated Aj for choked nozzle) ITADS Intelligent Trending And Diagnostic System
CEDS Comprehensive Engine Diagnostic Set LODCNT  Light Off Detector Count
CEMS Comprehensive Engine Management System MFC Main Fuel Control
CENC Convergent Exhaust Nozzle Control MNAC Aircraft Mach Number
Comprehensive Engine Trending And MOP Main Oil Pressure
CETADS - .
Diagnostic System N1 Fan speed
CETS Common Engine Transfer System N1C2 Corrected fan speed
CIVV Compressor Inlet Variable Vanes N2 Core speed
DEEC Digital Electronic Engine Control PB Burner pressure
EDU Engine Diagnostic Unit PLA Power Lever Angle
EHM Engine Health Management PT4 Combustion chamber discharge
EMB Engine Management Branch TAC Total Accumulated Cycles
EMS Engine Monitoring System T2 Fan Inlet Total Temperature
EOT Engine Operating Time WFAC Augmentor fuel flow, core
EPR Engine Pressure Ratio WFAD Augmentor fuel flow, duct
FLT Fault WEMFC Main fuel control fuel flow
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Pressure measurement in the cylinder of four-stroke marine engine — simulation
analysis

The measurement of combustion pressure relies on connecting a pressure sensor to a four-stroke marine engine cylinder by
a channel led out from the engine cylinder. The geometry of the channel distorts the results of combustion pressure measurements. The
purpose of the work is to create a model of combustion processes in engine cylinders. The model uses a mathematical description of the
indicator channel on one of the engine cylinders. The input data to the model and the data necessary for its verification came from the
direct measurements on the research facility. The test object was a four-stroke Sulzer 3AL25/30 engine loaded by an electric power
generator. During calculations, different diameters and lengths of measurement channel were simulated. The obtained results allowed to
formulate the conclusion that the geometry of the measurement channel has a significant impact on the measurement results. The
increase of the length of the measuring channel as well as the diameter of the channel causes disturbances in the measurement of the

maximum pressure.

Key words: diesel engine, marine engine, combustion pressure, indicator channel

1. Introduction

Measurement of combustion pressure is a very im-
portant parameter in the diagnosis of marine Diesel engines.
The measuring of combustion pressure allows detecting
e.g.: a problem with piston rings leakage or a problem with
fuel injection. Ship engines operate continuously for hun-
dreds of hours, powering a ship or operating as an auxiliary
engine on a ship that generates electrical energy. Therefore,
proper diagnostics will enable early detection of a technical
problem related to the proper functioning of the engine and
avoid the withdrawal of the engine of operation as well as
costly repairs.

However, measurement directly in the cylinder of the
engine is often impossible due to the engine's construction
as well as the high temperatures prevailing in the cylinder
during engine operation. Mounting sensors that would be
able to record cylinder pressure changes would increase
engine costs.

Therefore, for measuring the combustion pressure in
medium and low speed marine engines, a drainage channel
is used from the piston engine cylinder ended with an indi-
cator cock, later called the indicator channel. The main task
of the channel is to remove water and impurities from the
engine cylinder during initial engine rotation and blow-
down. This way it protects the engines against damage
caused by hydro-impact. During the engine operation, this
channel is also used to measure the combustion pressure.
The sensor is mounted on an indicator cock, i.e. at the end
of the indicator channel. Such assembly causes the sensor
to be removed from the cylinder. This assembly reduces the
cost of combustion pressure measuring. However, the re-
sults of the pressure measurement show a discrepancy be-
tween the actual cylinder pressure and the pressure on the
sensor in the indicator cock.

The shape of the indicator channel can cause discrepan-
cies. Between the cylinder and the sensor on the indicator
cock, the diameter of the channel changes as well as bends
appear at different angles in the channel. The Kistler com-
pany, which produces piezoelectric pressure sensors, al-
ready indicates the problem of combustion pressure mea-

surement, caused by the shape of the channel resulting from
the natural frequency of the indicator channel. In order to
correct the measurement carried out, they indicate that the
use of the Bergh and Tijdeman model based on flow equa-
tions [1].

Engin Oezatay also mentions this problem of the actual
measurement of the combustion pressure, but the reason for
the distortion is the phenomenon of Helmholtz resonance
occurring in the indicator channel [2].

The article aims to show the influence of the dimen-
sions of the indicator channel to values of measured max-
imum combustion pressure. Special attention is paid to the
maximum pressure in the indicator channel deviates from
the value of the combustion pressure in the engine cylin-
der.

2. Research facility

The implementation of the work objective requires the
selection of a research facility. The requirement for the test
facility is the possibility of obtaining detailed data related to
the geometry of the charge system and the fuel system. The
facility consists of 3-cylinder Al25/30 Sulzer engine and
electric power generator. The engine is in the marine ver-
sion. This means, among other things, that the engine cool-
ing system is based on a high and low-temperature water
circuit, with the low-temperature circuit being sea water, in
this case the external water system, cooled by two cooling
towers. The engine is charged by the VIR 160 Brown-
Boveri turbocharger and intercooled.

The fuel system consists of Bosch type injection pumps,
controlled by the rotational speed governor through fuel
racks and multi-hole fuel injectors. Fuel injectors are cen-
trally located in the engine cylinder heads.

The AL25/30 engine is coupled with the GD8-500-50
generator which transmits the generated electrical energy to
the water resistor. The engine is installed in the Maritime
Laboratory of Gdynia Maritime University and operates at
a constant rotational speed of 750 rpm.

The detailed parameters of the test facility are presented
in Table 1 and Figure 1 [7].
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Table 1. AL25/30 engine parameters [5]

Parameter Unit Value
Rotational speed rpm 750
Cylinder number - 3
Cylinder diameter mm 250
Stroke mm 300
Compression ratio — 12.7
Injection timing ° before TDC 18

Fig. 1. Photo of the SULZER 3 AL25/30 piston engine facility [7]

During the tests, the engine operated with a 250 kW
load determined on the basis of the electrical output power
from a generator. The measurement results were recorded
in quasi-steady conditions.

During the tests, the combustion pressure was registered
in all engine cylinders using Kistler 6613CG1 sensors cou-
pled to a voltage amplifier. Each observation involved 7
revolutions of the crankshaft with a sampling rate of 720
measurements per crankshaft rotation.

3. Assumptions of the model and its validation

3.1. Description of the model

The main purpose of the work need to develop a com-
bustion model of a marine piston engine and its verification
based on the actual data of the 3AL25/30 engine.

This goal can be achieved by using a one-dimensional
model. This model includes the following partial models:
combustion process model, model of heat exchange in the
engine cylinder construction elements, model of flows in air
and exhaust channels, emission model of exhaust gases,
mechanical friction model, model of phenomena occurring in
the turbocharger and heat exchange model in the radiator [5].

Functional dependence between individual models is
presented in Figure 2.

The C1, C2 and C3 are engine cylinders in which the
combustion and heat exchange process was modelled. The
model also includes mathematical descriptions of cylinder
valve timing, piston movement, and direct fuel injection.
The cylinders are connected to the pulse exchangers J1 and
J2 via the exhaust ducts The exhaust gases flow through
channels 6-8 and 11 to the T turbine and exit outside via
channel 9.

The ambient air parameters are entered into the model at
the SB1 and SB2 nodes. The air through the channel 1 is
supplied to the compressor C, then through the channel 2 to
the air cooler CO1. After cooling, the air enters to engine
cylinders via channels 3, 4 and 5.

Fig. 2. Model of the research object in the AVL Boost program

The pipe number 12 it’s the indicator channel MP sym-
bols are the marked places then find the pressure sensor.

The E1 icon allows the basic engine and model parame-
ters. The most important of them are:

e order of ignitions — in cylinders presented in the val-
ues of the rotation angle of the crank shaft, 0°, 480° and
240° respectively,

¢ oil temperature — SAE10 equal to 67°C [5]

3.2. Flow model

The flow through all air channels was determined based
on the isentropic flow equation, taking into account the
mass inertia. In order to determine the mass flow rate, the
geometric dimensions of the channels, the value of the
isentropic exponent, temperature and pressure as well as the
composition of the exhaust gas were needed. The geomet-
rical dimensions were measured on the real object, while
the initial values of thermodynamic parameters were adopt-
ed. In the case of air ducts as for the measured parameters
after the air cooler, and for exhaust gases as for the meas-
ured gas parameters. The calculated thermodynamic param-
eters were determined using the Runge-Kutta iterative
method [3].

It should be noted that the geometry of the exhaust gas
channels behind the engine cylinders can contribute to the
backflow of exhaust gases to adjacent cylinders. For this
reason, these channels need to be routed to the collector
collecting at an angle. In order to model this state of affairs,
the so-called pulse exchangers (J1 and J2 in Fig. 2) are
implemented.

Resistance movement in the channels was model using
Equation 1:

v PqPt M
where: F — resistance [N], V — volume [m’], ¢ — Fanning
coefficient of friction [-], value for the round section is 1, A¢
— coefficient of resistance depending on the type of flow
(laminar, mixed, turbulent), d — channel diameter [m], u —
flow speed [m/s], p — gas density [kg/m"].

In all gas channels, there is also heat exchange with the
environment through convection. The heat transfer coeffi-
cient for channels was determined by the Reynolds analogy
method [4].
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3.3. Model validation
The pressure sensor in the indicator channel on the real
object is mounted as shown in Figure 3.

Fig. 3. The mounting position of the pressure sensor in the indicator
channel

For the purpose of validation, the actual shape of the in-
dicator channel was designed in the engine model com-
pared to the results on the real object. Validation consisted
in a comparison of measured and calculated values. Ac-
cording to the presented data, the majority of parameter
values obtained by modeling do not differ from the meas-
ured values. The difference between the measured maxi-
mum pressure (Pmax) and the calculated by modeling was
0.94% and the position of the Pmax differs by 1 deg of the
crankshaft position.

4. Analysis of results

A positively valid model of the research object was used
to analyse the phenomena taking place in the indicator
channel. Results of the simulation on base on Eq. 1. are
presented as follow. Figure 4 shows a model indicator
channel in which points 100, 200, 300, 400 and 500 mm
were used to calculate pressure changes in points MP1 to
MPS5. The length of L was 500 mm and 1000 mm. Indicator
channel was closed at the end of the indicator cock.

Fig. 4. Simulation indicator channel

Figure 5 shows a graph of pressure changes in the indi-
cator channel in relation to the distance from the combus-
tion chamber at diameters 5, 10, 15, 20, 25 mm. It can be
noticed that the calculated pressure increases in relation to
the in-cylinder pressure by average 13.7%. For the diameter
of 5 mm, the pressure decreases up to 300 mm from the
cylinder and for the measuring places 400 mm and 500 mm
increases.

It was decided to check whether the diameter of the in-
dicator channel directly affects the combustion process. The
upper side of Figure 6 presents graph of combustion pres-
sure in the combustion chamber for various diameters of the
indicator channel. The lower side of Figure 6 presents the
dependence between differences between the combustion
pressure in the cylinder and pressures obtained from meas-

urement points and the diameter of the indicator channel.
According to presented results of calculation, the highest
combustion pressure occurs at the diameter of the 5 mm
indicator channel. The increase of the indicator channel
diameter causes observed decrease of the combustion pres-
sure. Probably its effect of increase of the volume of com-
bustion chamber by the volume of the indicator channel.
The dependence presented on the lover side of Figure 6
shows that the distance of pressure sensor not more than
100 mm from the cylinder causes only little changes is the
pressure measurement.

Fig. 5. Changes in the pressure in the indicator channel in relation to the
distance from the combustion chamber

Fig. 6. The graph of combustion pressure in the combustion chamber with

different diameters of the indicator channel (up) and a graph of the differ-

ences between the pressure in the combustion chamber and the indicator
channel (down)

This result is convergent with conclusions presented by
Kistler [1]. It should be noted, that the diameter of indica-
tion duct equals Smm causes significant decrease of the
measured pressure. Moreover, its important that in the ma-
rine engines usually the length of indicator channel is long-
er than 100mm and according to obtained results the in-
crease of indicator duct length causes significant increase of
the measured pressure. It means that long channel causes
intensification of the wave phenomena in the channel.
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Then, the indicator channel was extended after the last
MPS5 calculation point by 500 mm, thus the length of the
indicator channel extended to 1000 mm. Figure 7 shows a
graph of pressure changes in the indicator channel with a
diameter of 25 mm in relation to the distance from the
combustion chamber.

Fig. 7. Pressure changes in the indicator channel with a diameter of 25 mm
in relation to the distance from the combustion chamber

It can be noticed that the decrease of the length of the
indicator channel causes the decrease of the calculated
pressure in the MP5 point. The maximum combustion pres-
sure in a channel with a length of 500 mm increases in
relation to the pressure in the cylinder by about 43.1% and
at a length of 1000 mm by 24.7%. This result prove the
conclusion of possible influence of the wave phenomena on
the measurement result.

Fig. 8. Pressure at MP5 of the cylinder at different lengths of the indicator
channel

Figure 8 shows the pressure diagram measured at 500
mm from the cylinder at different lengths of the indicator
channel.

In the graph for a length of 500 mm it can be seen two
local maxima of pressure. After extending the indicator
channel to 1000 mm the local maximum of the pressure is
only one. Both results are for the same combustion pressure
in the engine cylinder. Grey graph present the example
result of direct measurement of the pressure by the indicator
channel with construction presented in Fig. 3.

5. Conclusions

The paper presents the results of calculations of the
pressure in the indicator channel in a four-stroke marine
engine, using CFD. According to the obtained results, the
maximum pressure in the indicator channel deviates in
relation to the value of the combustion pressure in the en-
gine cylinder. In most cases, the pressure is even higher.
Therefore, there is a possibility that in the indicator channel
pressure accumulation occurs, possibly caused by wave
phenomena, which are the effect of compressibility of gas-
es. So it is necessary to pay special attention to the shape
and dimensions of the indicator channel during the design.

It has been shown that the place where the sensor is in-
stalled along with the shape of the indicator channel is
important in the diagnosis of the internal combustion en-
gine. Improper installation location of the sensor and the
construction of the indicator channel can significantly de-
grade the diagnostic information for the operator of the
marine engine.

According to the results of the calculation of the de-
pendence on the dimensions of the indicator channel, the
value of the maximum pressure can range from —21% to
+ 43% of the maximum combustion pressure. If the indica-
tor channel is incorrectly designed or the sensor is installed
in the wrong place, it may not be possible to determine the
location of the maximum combustion pressure.

Acknowledgements

The project was supported by AVL Company according to
University Partnership Program and license of AVL Boost soft-
ware.

Bibliography

[11 WALTER, T. Application of an Improved Model for the
Determination of Acoustic Resonances in Indicator Passages
for Combustion Pressure Measurements in Large Bore Gas
Engines. Kistler Instruments AG, Winterthur 2007.

[2] OEZATAY, E., ONDER, C. Model based sensor reconstruc-
tion of in cylinder pressure trace using indicator cock pres-
sure information. CIMAC Congress 2010, 166, 1-9.

[3] BADER, P., MCLAREN, D., QUISPEL, G.R.W., WEBB,
M. Volume preservation by Runge-Kutta methods. Applied
Numerical Mathematics. 2016, 109, 123-137, DOI: 10.17863/
CAM.1184.

[4] INCROPERA, F.P., DEWITT, D.P. et al. Fundamentals of
heat and mass transfer. John Wiley & Sons, 2011.

[5S] CUPER-PRZYBYLSKA, D. Model of processes of the
AL25/30 marine engine and its verification. New Trends in
Production Engineering, 2018, 1(1), 285-29, DOI: 10.2478/
ntpe-2018-0035.

[6] CUPER-PRZYBYLSKA, D. Przeglad modeli proceséw
spalania w cylindrze silnika ttokowego. Autobusy : technika,
eksploatacja, systemy transportowe. 2018, 19(4), 48-52,
DOI: 10.24136/atest.2018.020.

[71 CUPER-PRZYBYLSKA, D., WYSOCKI, J. Research
injection pressure with the Kistler 4067E pressure transmit-
ter on Sulzer engine 3AL25/30. Journal of KONES Power-
train and Transport. 2017, 24(3), 29-36, DOIL: 10.5604/
01.3001.0010.3061.

Dominika Cuper-Przybylska, MEng. — Faculty of
Electrical Engineering, Gdynia Maritime University.

e-mail: d.cuperprzybylska@we.umg.edu.pl

COMBUSTION ENGINES, 2019, 177(2)

39



Article citation info:
KOWALSKI, J. The CFD analysis of influence the start of fuel injection (SOI) on combustion parameters and exhaust gas composition
of the marine 4-stroke engine. Combustion Engines. 2019, 177(2), 40-45. DOI: 10.19206/CE-2019-207

CE-2019-207

Jerzy KOWALSKI

The CFD analysis of influence the start of fuel injection (SOI) on combustion
parameters and exhaust gas composition of the marine 4-stroke engine

The paper presents a theoretical analysis of the impact of injection timing on the parameters of the combustion process and the com-
position of exhaust gas from a 4-stroke engine designed to shipbuilding. The analysis was carried out based on a three-dimensional
multi-zone model of the combustion process. This model has been prepared on the basis of properties of the research facility. The input
data to the model were obtained through laboratory tests. Results of calculations showed that the change of the start of injection angle
(SOI) from the value of 14 degrees before TDC to 22 degrees before TDC results in changes in the combustion rate and thus an increase
in the temperature of the combustion process as well as the increase of nitric oxides fraction in the exhaust gas. Simultaneously the

maximum combustion pressure increases also.

Key words: marine 4-stroke engine, NO, emission, CFD model, combustion, SOI

1. Introduction

Diesel engines are still irreplaceable source of mechani-
cal energy in heavy vehicles and ships. For this reason the
research work to improve the efficiency of this kind of
machines are important and continued. Generally the im-
prove of Diesel engines efficiency may be done by increas-
ing the share of energy taken from the fuel combustion to
moving the piston, recovery the energy from the exhaust
gas or the decreasing of cooling the engine. All presented
ways may be improved by the regulation of the combustion
process in the engine cylinder. Mentioned regulation is
usually conducted by modification of fuel injection process.
Properly prepared combustion mixture in the engine cylin-
der has crucial role in the combustion process. It should be
noted that fuel injected into the cylinder is broken-up,
evaporated and mixed with air in quick and turbulent pro-
cess. The auto ignition is occur in the cylinder area and
time in which is proper pressure, temperature and composi-
tion of mixture. According to this the start of fuel injection
(SOI) beside the fuel spray geometry is significant for im-
proving the engine efficiency and decreasing the emission
of toxic combustion products into the atmosphere.

Researches on the influence of SOI value on parameters
and the emission from Diesel engines are commonly pre-
sented in the literature. Both methods i.e. the decreasing of
the engine cooling and SOI changes strategy are presented
in [7]. Authors tested the 6 cylinder LHR (Low Heat Rejec-
tion) engine. The effect of LHR was prepared by ceramic
coating the cylinder. The thermal efficiency was increased
from 28-36% to 35-41% but the side effect is the increase
of the nitric oxides (NOy) emission at high speed and load
due to the increase of the combustion temperature. The
method of the NOy emission decreasing is the delay of fuel
injection. Authors changes the SOI angle from original 20°
before top dead center of the piston position (BTDC) to 18°
and 16°. The result of this regulation was decreasing of
NOj emission and a little decreasing of brake specific fuel
consumption (BSFC) for high load and all considered
speeds for 18°BTDC. Further reduction of the SOI angle
causes the decrease of NOy emission but rapid increase of
BSFC. In the opposition to this result are observations pre-
sented in [11]. Authors of this research present results for

the small, single cylinder, diesel engine with common rail
system and the range of the SOI from 40 to 0 degrees
BTDC. According to presented results the decrease of the
SOI causes the decrease of indicated specific fuel consump-
tion. Similar to [7] results are presented in [8]. Some opti-
mal SOI value is observed in another type of the engine
(naturally aspirated, single-cylinder, 4-stroke, direct injec-
tion). It should be noted that use biodiesel blend of fossil
diesel oil and fish oil changes this optimal value of the SOI,
but changing of the engine compression ratio not influence
on the optimal for BSFC SOI value [12]. The change of
optimal value of SOI is observed for ceiba pentandra bio-
diesel [16]. This optimal value of SOI was not observed for
diesel-propane blends on the range of SOI from 19 to 15
degrees BTDC [21], diesel canola oil methyl ester blends
(SOI 15, 20, 25) [3] and castor diesel blends (SOI 25, 23,
21) [1]. The possible reason of this fact is too small range
of SOI. The largest range of tested SOI is presented in [2]
(from 50 to 10 degrees BTDC). Authors of this research
present results of model and laboratory tests. According to
presented results the maximum NO, emission was observed
for SOI equals 30 degrees BTDC and the increase and the
decrease of the SOI causes the decrease of NO, emission.
Higher range of the SOI was presented in [18]. Authors
present laboratory test results for small (498 cm’®) single
cylinder, diesel engine with common-rail system and the
range of the SOI from 200 to 50 degrees BTDC. This dra-
matically increase of the SOI causes decrease of in-cylinder
pressure and heat release rate (HRR). The high reduction of
NO content in the exhaust gas is observed but the increase
of the SOI over the 80 degrees BTDC not changes of this
value. Authors stated that minimum content of NO, is ob-
served for 6.5 ms of ignition delay independently from the
engine speed and the value of compression ratio. According
to [5] combination of the SOI changing strategy with ex-
haust gas recirculation EGR causes the decrease of NO,
emission and the increase of BSFC. The decrease of NO,
content in the exhaust gas is observed for multi injection
strategies also [10]. The increase of the SOI for first pulse
of fuel injection decreases the NO, content and increases
the BSFC for single, duo and triple strategy of injection for
diesel blends with coconut oil biodiesel (B20 and B50).
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Less attention is paid for modeling aspect of this phe-
nomena. Work [15] present the CFD model of combustion
for diesel engine as a segment of cylinder volume, corre-
sponding with one hole of fuel nozzle and results of exhaust
gas composition for different SOI. Rakopoulos et al. [17]
present simple two-zone model of combustion for the SOI
and the EGR investigations. Both research present similar
results for NO, content in exhaust gas.

This short review of literature show that investigations
on influence of the SOI are intensive but some shortcom-
ings may be observed. It should be noted that most research
are done for small engines on the basis of the laboratory
research. There are only a few works about CFD modeling
of this aspect. According to this the research target of this
work is the CFD analysis of influence the value of the SOI
of the large marine engine parameters and exhaust gas
composition.

2. Materials and methods

The research object is 3 cylinder, 4 stroke, turbocharged
and intercooled Diesel engine to marine applications. The
cylinder bore equals 250 mm and 350 mm of the cylinder
stroke. During the tests the engine was operated at constant
speed equals 750 rpm and constant load equals 250 kW
measured as an electric power on the generator. This type
of engine is commonly used in the marine applications as
a propulsion of electric power generators or main propul-
sion of relatively small vessels. Parameters of the research
object and the measurement equipment as well as the
scheme of the laboratory test stand and fuel properties were
presented in [13]. The fuel nozzle consists of 9 holes with
0.325 mm of diameter and 158 degrees of holes angle. The
data collected during the laboratory test was used to prepare
and validate the CFD model of combustion in the engine
cylinder. Model is prepared on the base of the moving 3D
mesh of the combustion chamber with the inlet and outlet
ducts and cylinder valves. Model consists of the fuel injec-
tion and brake-up model on the basis of WAVE mechanism
[9] with the Wakisaka modification [20], the Dukowicz fuel
evaporation model [6]. The 3Z-ECFM [4] model of com-
bustion process was chosen. This model allows to the auto-
ignition point calculation also. Model is developed by the
heat transfer and turbulent flow models. Closer parameters
of the model and its validation was presented in [14]. Dur-
ing laboratory tests the engine was operated with the SOI
equals 18 degrees BTDC and delayed SOI to 13.5 degrees
BTDC also. The model, presented in [14] was validated for
fuel injection delaying also. Prepared model for delayed
SOI calculates maximum combustion pressure (pick pres-
sure) with 6.2% error and mean combustion pressure with
2.8% error. The calculation errors for oxygen and NO,
fractions in the exhaust gas equals 3.2% and 9.2% respec-
tively. Mentioned model was used to calculate parameters
of the combustion process in the engine cylinder and the
composition of the exhaust gas. During the calculation the
SOI was changed as follows: 22, 20, 18, 16 and 14 degrees
BTDC.

3. Results and discussion
The delaying of the SOI value is commonly used meth-
od to reduction NOy emission from Diesel engines. Left

side of Figure 1 presents the mass of fuel evaporated to the
engine cylinder. The delay of fuel injection causes evident
move the evaporation function to the expansion stroke
direction but it should be noted that at the early stage of
evaporation the quantity of evaporated mass increases. For
example the 0.2g of evaporated fuel mass is reached at 9.2°
of crankshaft after SOI 22deg BTDC and only 7.9° of
crankshaft for SOI 14deg BTDC.

Fig. 1. Fuel mass evaporation and ignition delay

The effect of this is shortening the auto ignition delay
from 5.3° for SOI 22 deg BTDC to 2.0° for SOI 14 deg
BTDC. The right side of the Figure 1 presents this depend-
ence. It means that the position of auto ignition point de-
pends mainly on the thermodynamic parameters in the
combustion chamber than combustion mixture. The delay
of the SOI causes decreasing of the intensity of combustion
during the early stage (kinetic chemistry controlled com-
bustion). It should be noted that this stage of combustion is
responsible for the maximum temperature of combustion.
The dependence of the heat release rate (HRR) is presented
on the left side of Figure 2. Simultaneously with the de-
crease of the intensity of the kinetic stage of combustion the
diffusion stage of combustion decreases also, but the max-
imum HRR for diffusion stage of combustion is higher than
maximum HRR for kinetic stage. The delaying of SOI
causes increasing time of combustion also. The low tem-
perature heat release rate [19] for the beginning of combus-
tion is practically not visible at all considered calculations.
Right side of Figure 2 presents the time of combustion of 5,
10, 50 and 90 percent of fuel. The increase of the time of
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combustion with delaying the SOI is observed for all phases
of combustion.

Fig. 2. The heat release rate and the combustion characteristics

Figure 3 and 4 present the HRR (calculated as a mean
value for the overall combustion chamber volume) rate in
the cross section of the combustion chamber as well as the
velocity of the combustion mixture at 12 degrees of the
crankshaft position after the SOI. According presented
results the increase of the angle of the SOI causes the de-
crease of intensity of combustion near the fuel nozzle and
the increase of the combustion intensity on the front of the
fuel spray. This phenomenon is confirmed by results of
velocity calculation (Fig. 4). The area with maximum va-
lues of the velocity is closer to the fuel nozzle for high
values of the SOI.

The intensity of the combustion process may be asses
by the observation of fractions of unburned fractions of
the combustion mixture. Figure 5 presents fractions of
hydrogen (H) and carbon monoxide (CO). According to
presented results H fraction rapidly increase in the initial
stage of combustion for the early SOI. It should be con-
sidered that hydrogen is dominant precursor of combus-
tion process. It means that high rate of the hydrogen con-
tent causes intense combustion and increase of the pres-
sure and temperature of combustion due to low activation
energy of the chemical reaction of this species. The right
side of the Figure 5 present fraction of CO in the combus-
tion chamber. According this point of view the combus-
tion process is slower for the delaying of the SOI, but the
CO fraction in the combustion chamber is larger at the end
of combustion process.

HRR rate [J/s]

SOI 22 deg
BTDC

SOI 20 deg
BTDC

SOI 18 deg
BTDC

SOI 16 deg
BTDC

SOI 14 deg
BTDC

Fig. 3. Heat release rate distribution in the combustion chamber at 12 degrees of the crankshaft position after the SOI
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The increase of kinetic stage of combustion causes the
increase of the maximum temperature of combustion be-
cause the combustion process is rapid. It happens for large
values of the SOI. According to results presented in the
Figure 6, the delaying of the SOI by 8 degrees causes the
decrease of the maximum temperature in the combustion
chamber (calculated as a mean temperature of overall cy-
linder volume) of almost 200 K. Changes in the start of the
combustion are clearly visible in the Figure 6 also. It should
be noted that the prolongation of the combustion process
with the delaying of the SOI do not change the temperature
of combustion at the end of the combustion process.

The delaying of the SOI causes the decrease of the
maximum combustion pressure (pick pressure). The left
side of Figure 7 present dependences of the combustion
pressure and values of the SOI. According to presented
results considered changes of the SOI causes the change of
pick pressure by 2 MPa. A little delaying of the pick pres-
sure position is observed also (less than 2 degrees of the
crankshaft position).

The right side of the Figure 7 presents values of pick
pressure and the mean indication pressure (MIP) for all con-
sidered SOI. According to presented results visible changes
of the pick pressure values not influence on the visible
change of the MIP value. Considered changes of the SOI
cause only 0.25 MPa change of MIP. The explanation of this
phenomena is the decrease of the value of the pick pressure
and simultaneously increase of the time of combustion. It
means that the combustion process is slower and smooth. On
the other hand the decrease of MIP and increase of the CO
fraction at the end of the combustion process clearly proves
the decrease of the combustion efficiency. It is important that
presented results come from calculations. It means that the
quantity of injected fuel and delivered air are not changed.
The deterioration of the combustion process at constant load
of the engine cause increase of the fuel dose injected to the
cylinder and change the cooperation the engine with turbo-
charger due to the engine speed governor operation. Result of
this is increase of MIP to the value enough to keep constant
engine speed at current load.

Velocity [m/s]

SOI 22 deg
BTDC

SOI 20 deg
BTDC

SOI 18 deg
BTDC

SOI 16 deg
BTDC

SOI 14 deg
BTDC

Fig. 4. Velocity distribution of gases in the combustion chamber at 12 degrees of the crankshaft position after the SOI

Fig. 5. Hydrogen and carbon monoxide fraction in the combustion chamber
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The lower temperature of combustion and the slower
combustion process contribute to the decrease of nitric
oxides (NO,) fraction in the combustion chamber and the
consequently in the exhaust gas. This phenomenon is pre-
sented in the Figure 8. The NOy fraction is calculated as
a sum of the nitric oxide and the nitric dioxide in this mo-
del. It should be noted that model of NO, formation con-
sisted of thermal and prompt mechanisms with NO oxida-
tion [14]. Considered delaying of the SOI causes decrease
of the NO, fraction in the combustion chamber at the end of
the combustion process from 1760 ppm to 520 ppm. This
trend is expected but the scale of NO, decreasing is high.

Fig. 6. Temperature of the combustion process

Fig. 7. Pressure of combustion

4. Conclusions

The work presents the influence of the SOI on parame-
ters of the combustion process and the exhaust gas compo-
sition in the marine 4-stroke Diesel engine. The analysis is
based on the three dimension CFD calculations on the mo-
del validated for real laboratory stand. On the basis of pre-
sented results following conclusions has been made:

— The delay of fuel injection causes the increase of the
evaporated mass of fuel at the early stage of evaporation.

— Thermodynamic parameters in the combustion
chamber causes that the shortening of the auto ignition
delay is observed also.

— After auto ignition the quantity of evaporated fuel is
biggest near the fuel nozzle and the kinetic stage of com-
bustion in less intensive.

— Simultaneously with the decrease of the intensity of
the kinetic stage of combustion the diffusion stage of com-
bustion decreases also, but the maximum HRR for diffusion
stage of combustion is higher than maximum HRR for
kinetic stage.

— The delaying of SOI simultaneously causes increas-
ing time of combustion due to decrease of both stages of
combustion.

— The decrease of the SOI angle causes the increase of
intensity of combustion near the fuel nozzle and the de-
crease of the combustion intensity on the front of the fuel
spray. This phenomenon is confirmed by results of velocity
calculation. The area with maximum values of the velocity
is closer to the fuel nozzle for high values of SOI.

— Result of this is the decrease of the maximum com-
bustion pressure as well as the maximum combustion tem-
perature.

— Delaying the SOI causes the decrease of the NOy
fraction and the increase of CO fraction at the end of com-
bustion.

Fig. 8. Nitric oxides fraction in the combustion chamber
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The concept of a new refrigerant in combustion engines in aspect
of the requirements of modern drive systems

The article presents currently applied construction solutions for currently used cooling systems for internal combustion engines.
There were presented their defects and possible development directions were indicated. On this basis the concept of a cooling system
which will enable the improvement of heat exchange in the internal combustion engine has been proposed.

Key words: combustion engine, engine cooling system, electromagnetic pump

1. Introduction

The internal combustion engine is a thermal machine in
which there is a need to remove heat from elements subject
to high temperature. This function is performed by the
cooling system, which is also responsible for maintaining
the correct operating temperature having a significant effect
on thermodynamic efficiency. Therefore, there is a need to
ensure a strictly determined temperature value of individual
structural elements of the engine, at which the assumed
thermodynamic efficiency is achieved, and at the same time
the correct cooperation of individual structural elements is
guaranteed [1].

Running the process of heat emission in an internal
combustion engine on the one hand is limited by the effects
of combustion anomalies, which in a short time lead to
destruction of the engine, and on the other, the exploitation
of the engine at too low temperature results in reduced
efficiency, increased emission of incomplete combustion
products and accelerated consumption of cooperating con-
struction elements.

Due to the conditions imposed on contemporary sources
of vehicle and machine propulsion, aspects related to ener-
gy efficiency and impact on the environment are currently
the main priorities. For this reason, there is an urgent need
for development research, also in the area of cooling sys-
tems for thermal machines which results from a significant
impact on the listed conditions, including an efficient cool-
ing system for internal combustion engines. This is all the
more important as there are still significant development
reserves in this area of technology. Therefore, undertaking
scientific research on the development of cooling systems
for internal combustion engines is justified in all respects,
and the results of this type of work are in great demand in
the sphere of technical practice.

2. Currently used cooling systems for internal

combustion engines

Requirements for cooling systems of thermal machines
are very complex. As already mentioned in the introduc-
tion, conducting the process of heat production at high
temperature is beneficial due to thermodynamic efficiency,
but too high thermal load of cooperating structural elements
of an internal combustion engine can cause operational
problems. This is mainly due to changes in the assembly
clearances and lubricating oil operating conditions. The
effect is usually accelerated consumption or destruction of

cooperating surfaces. Even temporary, local exceeding of
the admissible temperature of the elements of the internal
combustion engine may cause extreme or dry friction re-
sulting from the lack of adequate lubrication.

As a result, an important task of the cooling system is to
discharge the corresponding heat flux from each structural
element of the motor which is thermally loaded.

Due to the engine's operational safety, heat dissipation
streams from individual structural elements are usually
oversized and are not suited to real needs. The modern
development of technology, especially in the field of regu-
lation and control, allows the development of a cooling
system in which the most appropriate thermal conditions
for the work of individual components can be obtained.
Therefore, it is advisable to undertake development works
in the field of cooling systems, which will have wider ap-
plication to the implementation of the entire thermal mana-
gement in a vehicle.

In the current designs of internal combustion engines,
both air and liquid cooling systems are used. The air cool-
ing systems are characterized by a simple construction,
because the basic heat exchange takes place without an
intermediate medium, between the surface of the internal
combustion engine and the environment. Due to the con-
struction of such a cooling system it is maintenance-free
and does not generate additional operating costs [2].

However, it should be emphasized that the lack of vibra-
tion damping by the cooling liquid and the resonant effect
of the surface of the ribbed heat exchange surface causes
that the motors using the air cooling system generate more
noise than the motors with the liquid cooling system. The
guarantee of correct heat exchange is also often the need to
use ribs of individual cylinders and heads, which results in
increased dimensions and weight of the engine.

In air-cooled heat engines, the basic heat transfer takes
place only on the external surface, while the internal com-
ponents are not cooled, which may lead to local tempera-
ture rise above the limit values, overheating of these ele-
ments and their irreversible damage. In air cooling systems,
its efficiency depends on the air flow rate and the heat ex-
change surface. There is a significantly limited control over
the thermal load of individual engine components. Usually
in this type of constructions the combustion process is car-
ried out at a higher temperature, which results in the neces-
sity of using fuels with higher anti-knock resistance and oils
with greater thermal stabilization. Due to the features men-
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tioned, the air cooling systems have a limited application,
mainly in engines with low unit power or stationary motors.

Limits of emissions of toxic exhaust components and
the tendency to increase the unit power of internal combus-
tion engines, forces the constructors to reach for new, often
more complex solutions of cooling systems. In engines with
a liquid cooling system, a number of additional components
are required that make for a more complex construction
compared to engines equipped with an air-cooling system.
These are various types of elements, such as: heat exchan-
ger, mechanically driven coolant pump, expansion tank,
heater, thermostat, fan, coolant supply pipes, which signifi-
cantly complicate the structure, increase weight and dimen-
sions, and increase the production and operation costs of
the engine. A better feature of the liquid cooling system is
better vibration and noise damping thanks to filling the hull
and the cylinder head with cooling liquid [3].

In addition, in this type of cooling system it is possible
to cool the internal structural nodes of the engine and to
achieve greater thermal stabilization, preventing the local
formation of areas with unfavourable thermal features. The
design and features of the liquid cooling system also allow
maintaining a stable temperature of the internal combustion
engine regardless of the operating status and ambient condi-
tions. Usually however, the coolant pump is mechanically
coupled to the crankshaft of the internal combustion engine,
which prevents independent control of its, flow rate suited
to current needs. One of the disadvantageous effects is for
example, the prolongation of the heating time of the engine,
which affects the durability of components and increased
emission of toxic exhaust components.

Nowadays, for marketing reasons, motor vehicles with
very high nominal power are used in motor vehicles,
whereas under real operating conditions the engine usually
operates in low or medium load conditions, not exceeding
typically 20-40% of nominal value and the full load is used
sporadically. In this case, the role of the constructor is to
design such a cooling system for a reciprocating internal
combustion engine, which after many hours of operation in
urban traffic with a low load guarantees optimum cooling
conditions also during operation with maximum load, e.g.
during highway traffic.

This is a difficult task, because the thermal inertia of the
coolant and the speed of cooling liquid displacement in the
system significantly limit the possibility of regulating the
heat pickup in the rapidly changing thermal conditions of
the engine. The effect of this is increased fuel consumption,
increased emission of toxic exhaust components and re-
duced durability of cooperating construction elements. In
the few new designs, the mechanical coolant pump is as-
sisted or replaced by an electric pump. This solution, to
a limited extent, creates the possibility of controlling the
heat reception, this type of regulation being global, limited
to controlling the average temperature of the cooling medi-
um, not always suitable for all local engine components [4].

Since heat exchange between the cooled walls of the
motor and the cooling medium is strongly dependent on the
flow rate of the refrigerant, cavitation may occur in some of
the nodes. This is particularly true for areas with a variable
cross-section, in which there is a significant change in the

speed of the cooling agent. The appearance of cavitation is
related to the disruption of the continuity of the flowing
liquid and the formation of embryos in the form of cavita-
tion bubbles.

Cavitation bubbles collapse, and often violently im-
plode, creating a local shockwave. Its speed may be suffi-
cient to create wear of the erosive surface of the engine
components. The basic symptom of cavitation on the com-
ponents of a reciprocating internal combustion engine is the
progressive loss of material, which after degradation of the
primary structure is dispersed in the liquid in the form of fine
grains. Therefore, cavitation is a source of impurities in the
cooling liquid, leading to a change in its properties. The
complex geometry of the liquid channels of the reciproca-
ting internal combustion engine, as well as other compo-
nents, make the liquid cooling systems a place of occurrence
of the phenomenon of cavitation. Usually elements such as:
thermostat, coolant pump rotor, coolant ducts and cylinder
liners are subject to erosive damage. Fig. 1 shows a brand
new coolant pump at the factory, while Fig. 2 shows a cool-
ant pump destroyed by the erosive effect of cavitation [5].

Fig. 1. Brand new, mechanical coolant pump

Fig. 2. A mechanical coolant pump destroyed by the erosive action of
cavitation

Considering the features of modern systems for cooling
internal combustion engines with air or liquid, in order to
improve their efficiency, various types of support devices
are used.

One of such systems, supporting the heat exchange in
a piston combustion engine, is the lubricating oil cooling
system. The oil circulating in the lubrication system of the
internal combustion engine, in addition to the lubrication
function of the cooperating surfaces, also acts as a coolant.
Therefore, for example in engines with high unit power, as
well as in industrial engines, engine oil is used as a cooling
medium for pistons, supporting the basic cooling system.

3. A new concept for the cooling system

of the internal combustion engine

Considering insufficient possibilities of matching air
and liquid cooling systems of piston combustion engines to
the requirements of modern internal combustion engines, it

COMBUSTION ENGINES, 2019, 177(2)

47



The concept of a new refrigerant in combustion engines in aspect of the requirements of modern drive systems

is necessary to find new solutions in this area. The cooling
system of modern internal combustion engines should pro-
vide cooling conditions adequate to the state of the engine
operation, with particular emphasis on the efficiency of
energy conversion and the emission of toxic exhaust compo-
nents. This is possible by using a coolant with a greater heat
transfer capability and another coolant transport strategy.

The most important feature of the developed concept of
a modern cooling system for a reciprocating internal combus-
tion engine is the use of a new type of coolant in the form of
a ferromagnetic liquid with good heat transfer properties.

It also results from the possibility of using a new type of
pump, responsible for the movement of the coolant in indi-
vidual cross-sections of the cooling system. This type of
pump, using an electromagnetic field for transporting
a ferromagnetic liquid, is characterized by a simple con-
struction as well as a wide possibility of regulating the flow
of the medium. By using an electronic controller, it is pos-
sible to control the flow of refrigerant in the piston cooling
system of the internal combustion engine, independent of
the engine crankshaft speed.

The proposed cooling system is universal, possible to be
used not only in piston combustion engines, but also in
other types of thermal machines, where there are specific
conditions regarding the thermal state of individual struc-
tural elements. This type of cooling system also allows the
development of an individual cooling strategy for selected
construction nodes by forming independent refrigerant
circuits inside the entire cooling system structure of a given
machine. This enables individual adaptation of the cooling
agent's speed in the given nodes, controlled by additional
electromagnetic pumps. The entire system can be centrally
controlled based on signals from temperature sensors
placed in the cooled machine structure.

The proposed cooling system concept can bring the fol-
lowing effects:

* increase in general efficiency;

* increase in mechanical efficiency;

e improvement of thermal stabilization of the internal
combustion engine and shortening the heating time;

» reduction of toxic components emissions;

* better management of heat exchange in the combus-
tion engine and other peripheral devices of the vehicle, such
as: interior heating system, vehicle ventilation system, drive
transmission system, and in hybrid drive systems: cooling
of the inverter, batteries and electrical machines.

This cooling system is a liquid heat exchange system
operating in a closed circuit. In the conceptual design, the
centrifugal mechanical pump was replaced by an electro-
magnetic pump for the coolant. This type of pump is made
of a solenoid wound on a casing made of a diamagnetic
material. In the discussed solution, the coil carcass simulta-
neously functions as the pump body together with connec-
tion stubs. The diagram of the construction of an electro-
magnetic pump for a coolant composed of one and many
solenoids is depicted in Fig. 3 and Fig. 4. The presented
concept of the cooling medium pump causes its movement
due to the magnetic field created by the electric current
flowing through a solenoid or a set of solenoids. The phe-
nomena of magnetism were used to create the motion of the

cooling agent. The cooling agent used nanoparticles of
ferromagnetics suspended in a liquid, commonly known as
"ferrofluid". When the electromagnetic pump is activated,
a very large current flows through the solenoid, resulting in
a strong magnetic pulse. Ferromagnetic nanoparticles sus-
pended in the liquid at one end of the coil (or even some
distance away) are pulled into the pump body, where they
begin to accelerate rapidly. The acceleration force stops
working around the centre of the coil. The magnetic pump
should be designed so that the current in the coil stops flow-
ing from the moment when the stream of nanoparticles of
ferromagnetic suspended in the liquid reaches the area
around the centre of the coil - otherwise it will be braked on
further movement.

Fig. 3. The design of the electromagnetic pump: 1 — core of the coil, 2 — coil

Fig. 4. Prototype of electromagnetic pump

Figure 5 shows a model test stand, where the prototype
pump has been installed. Preliminary tests of the electro-
magnetic liquid cooling pump were carried out in the pre-
sented position. During the tests, it was found that the mag-
netic field produced by the coil causes the flow of
ferrofluid. It has also been shown that by changing the
length of the control pulse or changing its frequency, it is
possible to change the flow rate of the cooling liquid.

Fig. 5. A model test stand for an electromagnetic pump

In Institute of Vehicles and Internal Combustion En-
gines at Cracow University of Technology there were de-
veloped various concepts of cooling systems using an elec-
tromagnetic pump and a cooling agent consisting of
ferromagnetic nanoparticles forming a suspension in
a liquid. The presented systems differ from each other by
the construction of a coolant pump.
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Figure 6 shows a cooling system consisting of an elec-
tromagnetic one-stage ferromagnetic liquid pump which, if
necessary, generates flow in the system from the combus-
tion engine to the heat exchanger. The electronic controller
is responsible for the correct operation of the electromag-
netic ferromagnetic fluid pump. It simultaneously controls
the value of time intervals and the maximum current flow-
ing through the coil, based on electrical signals from such
sensors as engine temperature sensor, coolant temperature,
oil temperature, crankshaft speed, throttle angle or fuel
injection time. After processing in the control unit, they
allow precise control of the algorithm and procedures based
on the rotational speed of the crankshaft. This method of
control also allows complete shutdown of the refrigerant
flow, resulting in a shorter heating time for the internal
combustion engine. However, due to the rapidly changing
processes in the internal combustion engine, the total shut-
down of the coolant flow can be risky and lead to engine
damage. To implement such a solution, it is necessary to
conduct long-term durability tests on many types of en-
gines. The reduction of the heating time of an internal com-
bustion engine can be received by using an additional cool-
ant circuit with low flow rate.

Fig. 6. Diagram of the piston cooling system of an internal combustion

engine with an electromagnetic pump: 1 — compensating tank, 2 — combus-

tion engine, 3 — coil core, 4 — coil, 5 — heat exchanger, 6 — electronic

controller, 7 — supply source, 8 — temperature sensor, 9 — coolant tempera-

ture sensor, 10 — oil temperature sensor, 11 — crankshaft speed sensor, 12 —
throttle angle sensor

This solution of the cooling system together with the con-
trol system allows obtaining the required cooling liquid flow,
regardless of the crankshaft rotational speed. The possibility
of such a control of the cooling system significantly im-
proves the heat exchange regulation range. In conventional
cooling systems of the internal combustion engine, the lack
of control over the cooling agent flow significantly limits the
heat exchange control range. When operating an internal
combustion engine with maximum load and low speed, the
coolant flow must be sufficient to ensure correct heat ex-
change conditions. This situation adversely affects the overall
efficiency of the engine in other work states. In transient
states, and when the engine is operated with low load and
high speed, unnecessary mechanical losses are generated due
to the resistance of the coolant flow. The possibility of con-
trolling the electromagnetic pump can significantly reduce
the consumption of energy lost on the drive of the refrigerant
pump and eliminates the possibility of cavitation, which can
lead to destruction of the pump impeller, and consequent
damage to the engine.

4. Summary

The dynamic development of drive systems with ther-
mal engines forces designers to reach for newer technical
solutions in the field of cooling and maintaining thermal
equilibrium. In the current form, cooling systems for heat
engines no longer meet the requirements set by modern
vehicle drive systems.

It is necessary to find new, universal solutions that would
allow a rational heat exchange economy, not only in the inter-
nal combustion engine, but in the whole vehicle drive system.

The use of a cooling system in an internal combustion
engine in which an electromagnetic pump was used to cre-
ate the flow rate and as a cooling agent used ferromagnetic
nanoparticles suspended in a liquid can bring benefits rela-
ted to heat exchange. Depending on the results obtained, it
will be possible to assess the applicability of the cooling
system in question not only in the internal combustion
engine, but also in other elements of the vehicle's drive
system that require cooling and other industries.

It is necessary to conduct experimental tests using an in-
ternal combustion engine as a test object, which will aim to
determine whether it is possible to produce controlled
movement of a ferromagnetic fluid by using a pump that
uses a magnetic field of sufficient intensity to operate.
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operating states for the considered driving tests and driving conditions was found.
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1. Introduction

The knowledge gap about the usable properties of inter-
nal combustion engines in their real operating conditions
means that the results of tests that are only compatible with
the type approval procedures are no longer sufficient. The
functional properties of internal combustion engines, de-
termined in approval procedures, are in fact significant for
the tested objects only under the conditions of these proce-
dures [4] — in other conditions these properties can vary
considerably [3, 4], and for this reason such a great atten-
tion is paid to engine control algorithms [8]. The functional
properties of internal combustion engines, which are parti-
cularly strongly dependent on the operating conditions of
the engines, both static and — most of all — dynamic, are the
values characterizing the exhaust emission [3, 4] and, to
a lesser degree, fuel consumption. In order to assess the
exhaust emission in conditions deviating from the condi-
tions of type approval procedures, and additionally bur-
dened with a certain uncertainty of accidental processes, the
tests of car engines in real operating conditions were intro-
duced. The Real Driving Emissions (RDE) [6, 7] procedure
allows the study of exhaust emissions from a car engine
through the use of Portable Emissions Measurement System
(PEMS). The procedure for selecting the speed curve in the
RDE test is defined in the regulations in a very precise and
restrictive way [1, 6, 7]. Nevertheless, there is a significant
margin of indeterminacy in the vehicle speed, which means
that this process can be treated as random [3, 4]. The specific
realizations of this process, which are the speed curves of
the vehicle used in research, may differ significantly from
the speed curves in official type approval procedures.
Therefore, the task was undertaken to investigate these
differences. The tests were performed for the engine's ope-
rating states, determined by the vehicle speed. Engine states
selected for testing were determined by the NEDC test [9],
the Malta test [1], which simulated the NEDC test in road
conditions, and states registered in one of the actual RDE
tests. The tests were carried out for the same test object.
The subject of the research were static states of combustion

engine operation, corresponding to dynamic states in real
engine operation conditions.

2. Research aim and objects

The aim of the research was to assess the static opera-
ting states of a combustion engine vehicle in conditions
corresponding to its real operation. To do this, the results of
tests in both real conditions as well as on the engine dyna-
mometer were used. Real-world tests were conducted in
accordance with the RDE procedure. On the engine test
bench, NEDC tests and the Malta test were carried out,
developed at the Poznan University of Technology to simu-
late the NEDC test in road conditions.

The test objects were: an engine and a car equipped with
the same engine. The engine tested was a Fiat 1.3 JTD
(MultiJet) 4-cylinder compression-ignition engine with
a turbocharged displacement of 1.3 dm’, Euro 4 exhaust
emission class. The tested vehicle was a Fiat Idea passenger
car with a mileage of 92,000 km.

The Dynoroad 120 kW AVL engine dynamometer sta-
tion was used to test the engine. Road tests were conducted
using the PEMS apparatus. Measurement values in dynamic
conditions were recorded at a frequency of 10 Hz.

Research objects and test equipment were described in
detail in [1, 2].

3. Empirical test results

Figures 1-3 show the engine speed trends in research
tests. Figures 4-6 show the relative torque curves. The
relative torque has been defined in relation to the torque at
the full engine control setting, i.e. under conditions corre-
sponding to the maximum power characteristics of the
engine. The relative torque is:

= M, (n) (1)

where: M.(n) — torque at engine speed n, M, p.(n) — maxi-
mum torque at engine speed n, n — engine speed.
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The duration of NEDC and Malta tests are similar,
while the RDE test lasts 4-5 times longer. The Malta test
was developed at the Poznan University of Technology in
order to simulate road conditions of the NEDC test, but the
fundamental difference in the properties of both tests results
from the method of their creation. The NEDC test is created
in accordance with the principle of similarity of zero-
-dimensional characteristics, primarily the vehicle speed,
while the Malta test was created based on an accurate simu-
lation of the vehicle speed characteristic in the time domain
[5]. This is due to the stronger dynamic properties of the
Malta test, but this is not the subject of this work.

4. Analysis of an internal combustion engine
operating states

Figures 7-9 present the results of static states corre-
sponding to dynamic states in the empirical research tests.
The results are shown in the coordinates of the engine rota-
tional speed — relative torque.

There are significant similarities between the NEDC
and Malta tests due to the zero-dimensional characteristics
shown in Figures 10-13.

In the case of engine rotational speed, the similarity of
characteristics is significant, both the mean value (Fig. 10)
and the coefficient of variation (Fig. 11).

In the case of engine load there is a large similarity be-
tween the average relative torque value for NEDC and
Malta tests, while the average engine load in the RDE test
is much larger (Fig. 12).
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It is also significant that the coefficient of variation of
the relative torque reached the highest values for the Malta
test (Fig. 13).

Figures 14 and 15 present the analysis results of the
mean value and the coefficient of variation for the relative
engine power. Relative engine power is defined as the
product of relative torque and relative engine speed com-
pared to the rated speed:

N, (n) =M, (n)2™ @
rlN

where: M., — relative torque, n — engine speed, ny — rated
engine speed.
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Fig. 13. The relative torque variation coefficient in the NEDC, Malta and
RDE tests
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The average value of the relative engine power is almost
twice as high for the RDE test compared to the other tests
(Fig. 14). At the same time, the RDE test has the smallest
coefficient of relative power variation (Fig. 15).

Figure 16 shows the set of average engine speed values
and the relative torque in the NEDC, Malta and RDE tests
as a function of rotational speed — relative torque, while in
Figure 17 - the set of average engine speed values and the
average relative engine power values in the coordinates of
rotational speed — relative power.
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Fig. 16. A set of average engine speed points and an average relative
torque value in coordinates: rotational speed-relative torque in NEDC,
Malta and RDE tests
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value of relative engine power in coordinates of rotational speed-relative
power in NEDC, Malta and RDE tests

It is clearly visible that for the NEDC and Malta tests
the average values of the rotational speed, relative torque
and — as a consequence of the relative engine power — are
close to each other. In the RDE test, the quantities that
characterize the engine load are almost twice as large.

Figures 18-20 show the relative number of occurrences
of: speed, relative torque and relative power engine states in
the analyzed tests.

The relative number of occurrences in the histogram is

H
h=— 3)
L
where: H — the number of elements of the set within the
counting interval, L — set size (number of elements of the
set).
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Fig. 18. Engine speed histogram in NEDC, Malta and RDE tests
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Fig. 19. Histogram of relative torque in NEDC, Malta and RDE tests
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The process value results also confirmed the conclu-
sions drawn from the assessment of the average value and
the coefficient of variation. For rotational speed, the differ-
ences in histograms for individual tests are not significant,
while for the relative torque and relative engine power
much higher relative values were found in the RDE test
with the increased occurrence of states with high values
compared to the other tests.

Conclusions

The analysis of the internal combustion engine static
operating states, corresponding to the operating conditions
of the engine under dynamic conditions in drive tests, was
carried out for the characteristics of zero-dimensional pro-
cesses characterizing the engine operation status and in the
field of values of these processes. The analyzed processes
and values of the engine's operating states were: rotational
speed, relative torque and relative engine power. The zero-
-dimensional characteristics of the processes studied were:
mean value and coefficient of variation. In the field of pro-
cess values, histograms were analyzed.

Based on the static operating states analysis of the inter-
nal combustion engine, the following conclusion can be
drawn: there is a large similarity between the analyzed
characteristics for NEDC and Malta tests, while the RDE
test is distinguished by a significantly higher engine load.
Therefore, it can be concluded from the analysis of static
states of engine operation that conditions in the RDE test
favor the increased emission of nitrogen oxides. Of course,
the results of the pollutant, which is averaged throughout
the road emissions tests, are also influenced by the dynamic
conditions of engine operation [1, 3, 4].
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Experimental development of apparatus to measure piston assembly friction
in an eco-mileage vehicle engine

Apparatus was developed to measure piston assembly friction with a floating cylinder liner against crank angle, using components of
an eco-mileage vehicle engine as much as possible. This apparatus was then used to investigate the effect of different sets of piston rings
on piston assembly friction in an eco-mileage vehicle engine. Results indicated that, compared to the piston with all three rings (a top
ring, a second ring and an oil ring), the piston with two rings (a top ring and an oil ring) reduced piston assembly friction at all engine
temperatures and engine speeds. Another configuration of two rings, with the top ring and the second ring, but without the oil ring,
reduced friction at a lower engine temperature and speed, but was almost the same as the three-ring set at a higher engine temperature
and speed. Finally, a one-ring set, with only the top ring, further reduced friction, except at a higher temperature and speed, where

[riction was greater than the two-ring set without the second ring.

Key words: eco-mileage vehicle engine, floating cylinder liner, piston assembly friction, piston ring, piston skirt

1. Introduction

Eco-mileage vehicles (Fig. 1) compete by running
a fixed number of laps around a track within a given time.
Judges calculate fuel efficiency (km/L), and name a win-
ner. Reducing not only vehicle running resistance but also
engine friction, are effective means for improving fuel
efficiency. The piston assembly friction (the friction be-
tween the piston, the piston rings, and the cylinder liner)
makes a significant contribution to engine friction [2, 8].
So it is important to reduce the piston assembly friction.
Reports have investigated the effects on the piston assem-
bly friction in automobile engines from piston ring tension
[3, 4, 9], surface treatment of the ring [13, 16], piston skirt
profile [6, 7], and surface treatment of the piston skirt [10,
12]. In practice, in order to reduce piston assembly fric-
tion in an eco-mileage vehicle engine, the typical set of
three rings (a top ring, a second ring, and an oil ring) is
often replaced with a two-ring set, by removing either the
second ring or the oil ring from the piston, or even by
removing both the second ring and the oil ring, leaving
a one-ring set (with just the top ring). However, no reports
have investigated how much piston assembly friction is
reduced by such removal of rings from the piston. As
candidates for the measurements of such piston assembly
friction against crank angle during the engine operation,
there are the floating cylinder liner method [1, 3, 7, 13, 15,
16], the three-component force sensor method [4-6, 9-11],
and the instantaneous indicated mean effective pressure
(IMEP) method [14]. Among these measurement methods,
the floating liner method is most commonly used. But the
floating liner method generally requires significant engine
modifications, such as producing a special cylinder liner.
This study developed a friction measurement apparatus
with a floating cylinder liner, by using components of an
eco-mileage vehicle engine as much as possible. Using
this measurement apparatus, the effect of each ring on
piston assembly friction was examined, while varying the
temperature of the engine and the lubricant, as well as the
engine speed.

2. Experimental apparatus and method

Figures 2 and 3 show the measurement apparatus of the
piston assembly friction with the floating liner. This mea-
surement apparatus used a commercially-available, four-
stroke, air-cooled, horizontal, single-cylinder, gasoline
engine, displacing 49 mL, with a bore diameter of 39 mm
and a stroke of 41.4 mm. The crankcase of this engine was
cut, and a cover was attached to the cut of the crankcase.
The engine was turned from horizontal to vertical, to match
the orientation in an eco-mileage vehicle. For the floating
liner, the outer periphery of the air-cooled cylinder (alumi-
num finned cylinder casting cast-iron liner) was turned, and
the grooves for the joint plates were machined on its outer
periphery at the thrust and the anti-thrust side, and then the
grooves for the clamping bolts were machined at the thrust,
the anti-thrust, the front, and the rear sides. As shown in Fig.
3, joint plates were installed in the grooves on the outer
periphery of the floating liner, and then the plates, as well
as load washers of piezo type, were mounted in the cylinder
block, at both the thrust and the anti-thrust sides. Because
the cylinder liner is completely supported by the joint plates,
any vertical force in the cylinder liner is applied to the joint
plates, and thence to the load washers. Thus it is possible to
measure the friction in the sliding directions of the piston.
In addition, to suppress lateral displacement due to piston
thrust force, clamping bolts were mounted to the cylinder
block at the thrust, the anti-thrust, the front, and the rear
sides.

Heaters were installed in the cylinder block at the thrust,
the anti-thrust, and the rear sides, and thermocouples were
installed into the clamping bolts at the front and the rear
sides so that the bore surface temperature of the liner could
be adjusted and measured.

The measurement apparatus was changed from a wet
sump in the commercially-available engine to a dry sump.
The heater and the thermocouple were inserted into the oil
tank outside the engine. The lubricant was Honda genuine
Ultra Green with a lower viscosity for low-fuel consump-
tion engines. The lubricant at a fixed temperature was
pumped from the oil tank to the pipe in the upside of the
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crankcase, and then applied from its pipe to the crankshaft
at a flow rate of 600 mL/min.

Figure 4 shows the experimental piston, which is stan-
dard part of the commercially-available engine. This piston
has three grooves in the skirt. As shown in Fig. 5, the
roughness of the skirt sliding surface (other than the
grooves) was Ra 2.21 um on the thrust side and Ra 2.51 pm
on the anti-thrust side (after the experiment).

Table 1 shows the experimental rings, which are also
standard parts of the commercially-available engine. Table
2 shows the tested combinations of ring sets. The effects of
the absence of either the second ring or the oil ring (in the
two-ring sets), and of the absence of both the second ring
and the oil ring (in the one-ring set) on piston assembly
friction were examined, in comparison with the three-ring
set (comprising the top ring, the second ring and oil ring) in
the commercially-available engine.

Fig. 1. Eco-mileage vehicle

Fig. 2. Measurement apparatus of piston assembly friction

Fig. 3. Measurement unit of piston assembly friction with floating liner

Fig. 4. Experimental piston

Fig. 5. Roughness of piston skirt sliding surface other than grooves (after
experiment)

Table 1. Experimental piston rings

Table 2. Combinations of piston ring sets

Topring | Second ring Oil ring
Three-ring set With With With
Two-ring set without second With Without With
ring
Two-ring set without oil ring With With Without
One-ring set With Without Without

The roughness of the sliding surface on the liner bore
was Rzjyig 1.34 pm (Ra 0.20 pum) on the thrust side and Rzyg
1.22 pm (Ra 0.22 pm) on the anti-thrust side, after the ex-
periment.

In the experiment, the cylinder head was attached, but
the intake and the exhaust valves were not activated, and
the piston assembly friction was measured by motoring
operation. A preliminary experiment confirmed that the
cylinder head (in which the valves were not activated) has
a minimum effect on the piston assembly friction, because
of the small displacement in this engine. However, in order
to make it easy to adjust the temperature on the liner bore,
the cylinder head was attached, and an insulation cover was
put on the cylinder head and the cylinder block. Before the
measurement of the piston assembly fiction, the engine was
fully run in. Experiments were performed at temperatures
of the liner bore and the lubricant of 40°C to 80°C and at
engine speeds of 800 rpm to 1600 rpm.

56

COMBUSTION ENGINES, 2019, 177(2)



Experimental development of apparatus to measure piston assembly friction in an eco-mileage vehicle engine

3. Results and discussion

Figure 6 shows the effect of temperature of the liner
bore and the lubricant on piston assembly friction with
a three-ring set at an engine speed of 1000 rpm. In Fig. 6,
crank angles of 0° and 360° represent engine top dead cen-
ter (TDC), and 180° bottom dead center (BDC). Since this
time the intake and the exhaust valves were not activated,
only the two strokes of the piston (downward stroke and
upward stroke) were indicated. During the piston down-
ward stroke, a downward force is applied to the liner, and
during the piston upward stroke, an upward force is applied
to the liner. These forces (frictions) are indicated as nega-
tive force and positive force, respectively

As shown in Fig. 6, as the temperature of the liner bore
and the lubricant was raised, the friction around TDC and
BDC also increased, but the friction in the middle of the
stroke decreased. Figure 7 shows the friction mean effective
pressure (FMEP) with the three-ring set. Here the FMEP
was obtained by integrating the absolute value of friction at
crank angles of 0° to 360° and dividing by the stroke vo-
lume. In Fig. 7, the FMEP increased with increased engine
speed, but the FMEP decreased with increased temperature.
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Fig. 6. Effect of temperature on piston assembly friction with three-ring set
at 1000 rpm

Fig. 7. Friction mean effective pressure (FMEP) with three-ring set

Figure 8 shows the FMEP with a two-ring set without
the second ring (with the top and the oil rings). At each
temperature and engine speed, the FMEP with this two-ring
set without the second ring was lower than that with the
three-ring set. As shown in Fig. 9, the friction with the two-
ring set was lower around TDC and BDC and in the middle
of the stroke, compared with the three-ring set. It appears

that friction is decreased when removing the second ring,
thus eliminating the contribution of the second ring tension.

Fig. 8. FMEP with two-ring set without second ring

—_
)

—_
(=)
T

With second ring

—— Without second ring

Piston assembly friction [N]
oS b Do s o x

o

[}

g

S

W

=]

IS)

W

<)

_
S

N
o

Crank angle [deg]

Fig. 9. Effect of absence of second ring on piston assembly friction (80°C,
1000 rpm)

Figure 10 shows the FMEP with a two-ring set without
the oil ring (with the top and the second rings). At 40°C,
and at 60°C at 800 rpm and 1000 rpm, the FMEP with the
two-ring set without the oil ring was lower than that with
the three-ring set. However at 60°C at more than 1000 rpm,
and at 80°C, the FMEP with the two-ring set without the oil
ring was almost the same as that with the three-ring set. At
40°C, and at 60°C at 800 rpm and 1000 rpm, the friction
with the two-ring set without the oil ring was lower in the
middle of stroke than that with the three-ring set (Fig. 11).
At 60°C at more than 1000 rpm, and at 80°C, the friction
with the two-ring set without the oil ring was almost the
same as that with the three-ring set in the middle of the
stroke (Fig. 12). At each temperature and engine speed, the
friction with the two-ring set without the oil ring was al-
most the same as that with the three-ring set around TDC
and BDC. It is thought that, by removing the oil ring with
the highest tension, a narrow running face of the second
ring makes strong contact with the liner around TDC and
BDC. Then the reduction of the friction by removing the oil
ring is offset by the increase of the friction of the second
ring there. At a higher engine speed and a lower load,
among the piston assembly friction, the ratio of the piston
friction to the ring friction increases [11]. Furthermore, it
seems that, by removing the oil ring, the piston skirt makes
strong contact with the liner at a higher temperature and
a higher engine speed. It is considered that, in the middle of
the stroke, the reduction of the friction by removing the oil
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ring is offset by the increase of the piston friction. So the
friction did not decrease at 60°C at more than 1000 rpm,
and at 80°C.

Figure 13 shows the FMEP with a one-ring set of only
the top ring, without the second and the oil rings. At each
temperature and engine speed, the friction with this one-
ring set was lower around TDC and BDC and in the middle
of the stroke, than that with the three-ring set. So the FMEP
with the one-ring set was also lower than that with the
three-ring set. However in this one-ring set (with only the
top ring), at more than 800 rpm, the FMEP at 80°C was
higher than that at 60°C.

Fig. 10. FMEP with two-ring set without oil ring
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Fig. 11. Effect of absence of oil ring on piston assembly friction at 40°C

and 1000 rpm
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Fig. 12. Effect of absence of oil ring on piston assembly friction at 80°C
and 1000 rpm

At more than 800 rpm, the friction with the one-ring set
at 80°C increased around TDC and BDC beyond that at
60°C (Fig. 14). At 80°C, the oil viscosity is reduced, so the

piston skirt with the one-ring set makes strong contact with
the liner around TDC and BDC where the piston speed is
lower. It seems that a boundary lubrication condition be-
comes dominant between the piston skirt and the liner, and
then the friction increases there.

Fig. 13. FMEP with one-ring set without second and oil rings
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Fig. 14. Effect of temperature on piston assembly friction with one-ring set
at 1000 rpm

At 40°C, 60°C, and 80°C at between 800 rpm and 1200
rpm, the one-ring set (of only the top ring) minimized the
FMEP. The FMEP was reduced by 27% to 56% for the
one-ring set compared to the three-ring set. At 80°C at more
than 1200 rpm, the two-ring set (with the top and the oil
rings) minimized the FMEP. The FMEP was reduced by
18% for this two-ring set (with the top and the oil rings)
compared to the three- ring set.

4. Conclusions

Utilizing a friction measurement apparatus with a float-
ing cylinder liner, the effect of each ring on piston assembly
friction was investigated. Results indicate that, at 40°C,
60°C, and 80°C at 1200 rpm or less, the friction is mini-
mized with the one-ring set (of only the top ring), and at
80°C at 1400 rpm or more, the friction is minimized with
the two-ring set (with the top and the oil rings).

Future work will investigate the piston assembly friction
under firing operation.
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Nomenclature

BDC bottom dead center
FMEP friction mean effective pressure
IMEP indicated mean effective pressure

Ra
Rzjyis

calculated average roughness
10-point average roughness

TDC top dead center
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The influence of the ignition control on the performance of an aircraft radial
piston engine

Aircraft piston engines are built with compromise on performance and safety. The desire to achieve the highest power-to-weight
ratio leads to the search for solutions that optimize the combustion process. On the other hand, the need for maximum reliability leads to
the simplification of the design at the costs of performance. An example of such a compromise is the ignition system of the ASz-62IR
engine. In this engine there is a double magneto ignition system with a fixed ignition advance angle. As part of the modernisation of this
engine, an electronically controlled dual ignition system was developed, which allows for optimum control of the ignition advance angle
in terms of power. This article discusses the results of bench tests of the ASZ-62IR-16X engine with fixed ignition timing and variable

timing control. Functional parameters and toxicity of exhaust gases were analyzed.

Key words: aircraft engine, ignition system, power, toxic emission

1. Introduction

The aviation industry is one of the fastest growing tech-
nology sectors [5, 6]. Lightweight and ultralight aircraft
propelled by piston engines have an increasing share in this
industry [5].

One of the most important requirements for these power
units is to obtain as much power from the weight unit [6].
Therefore, design solutions are being developed which
allow to increase the power without the necessity to in-
crease the weight of the engine. This is achieved by opti-
mizing the combustion process [9], implementing turbo-
charging [4] or fuel and ignition advance angle control
systems [1, 3]. Another very important factor is the safety
and reliability of the design [1]. It is often in contradiction
with the limitation of the engine mass: increased safety
factors, introduction of redundant systems, etc. The engi-
neers are faced with a dilemma: whether to introduce a new
solution that increases engine power but at the same time
may reduce the reliability of the structure (in the results of
more elements, for example).

Currently, another factor is being introduced: ecology
[6-8]. Solutions to reduce carbon dioxide emission [7] and
toxic emission [3, 4] are being considered. This is achieved
through changes in fuel type [3] and optimization of the
combustion process [4]. The introduction of new electroni-
cally controlled fuel and ignition control systems also helps
in this work [3].

This article presents the results of this type of work: the
introduction of electronic ignition timing control system to
an aircraft piston engine. The purpose of the analysis is to
determine whether the introduction of this system will al-
low to achieve the objectives of increasing power and re-
ducing engine emissions.

2. Research description

2.1. Research objects

The tests were conducted on the ASz-62IR-16X avia-
tion engine manufactured by the WSK PZL Kalisz S.A. The
engine is used in small and medium-sized cargo (Antonov
AN-2) and agricultural (M18 Dromader) aircrafts. It is
a four-stroke unit of nine cylinders in radial setup, air-

cooled with electronic fuel injection control system and
magneto ignition. Table 1 lists main parameters of the en-
gine, and Fig. 1 presents the object of research in the test bed.

Table 1. ASz-621R specification [2]

Parameters Values
Engine diameter 1380 mm
Length 1130 mm
Dry engine mass 567 kg (¥2%)
Cylinder diameter 155.5 mm
Stroke 174.5 mm
Displacement 29.911 dm®
Compression rate 6.4+0.1
Maximum power at 2200 rpm
and PK = 1%50 mmHg P 1000 KM (735 kW)
Power rating at 2100 rpm
and PK = 9§0 mmHg P 820 KM (603 kW)
Power rating at h=1500 m 840 KM (618 kW)
Power (2030 rpm & PK = 830 mmHg) 738 KM (543 kW)
Power (1930 rpm & PK =745 mmHg) 615 KM (452 kW)
Power (1770 rpm & PK = 665 mmHg) 492 KM (362 kW)
Average fuel consumption 200 dm*h
Maximum fuel consumption 330 dm*h
Weight to power ratio 0.57 kg/KM (0.42 kg/kW)
Power to displacement ratio 33.43 KM/dm®
(24.58 kW/dm®)

Fig. 1. ASz-62IR-16E engine in test bed
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The research was carried out on the ASz-62IR-16E en-
gine equipped with electronic fuel injection system and its
modification ASz-62IR-16X equipped additionally with
electronically controlled ignition system. This system was
designed within the project "Device for power supplying
and controlling on-board and ground equipment” INNOLOT/
I/1/NCBR/2013 by the team of Lublin University of Tech-
nology and WSK "PZL Kalisz" S.A. The diagram of the
system is shown in Fig. 2.

Fig. 2. Ignition system of ASz-62IR-16X engine

2.2. Test stand

The tests were carried out on a test stand located in the
WSK ,,PZL Kalisz” S.A. — research and production stand at
the engine manufacturer. The engine was braked by a pro-
peller — Fig. 1. The torque measurement was performed on
a reactive basis.

The combustion process was monitored by means of
M3.5%0.6 optoelectronic sensors by OPTRAND, placed in
the cylinder head. The sensors detected changes of the
intensity of light transmitted by two adjacent optic fibers,
one connected to a LED, and the other to a photo detector.
The change of the intensity of light received by the photo-
diode was caused by the change of the intensity of light
reflected by a steel membrane deformed by the in-cylinder
pressure.

The rotational speed and crankshaft position were
measured by means of a magnetically induced shaft posi-
tion sensor. The sensors were located in a purpose-built
adapter that enabled determining the TDC position of the
first cylinder.

The following signals were measured during the expe-
riment: pressure in 2 cylinders, pressure in inlet manifolds
of cylinder 2 (by means of MPX250 sensors) and the posi-
tion of the crankshaft. The measurement of all the signals
were conducted by means of a digital to analogue converter
DAQ-Pad 6070E (National Instruments) at the frequency of
30 kS/s per channel. The data were then processed by
means of an original program created by the author.

Exhaust gas emissions were measured with the Pierburg
Herman HG-400 analyser. Exhaust gas was taken from the
exhaust manifold connecting cylinders 2 and 3.

2.3. Scope of research

The aim of the research was to compare the perfor-
mance of an engine operating with a constant ignition ad-
vance angle (ASz-62IR-6E engine) and with an ignition
angle dependent on engine operating conditions (according

to the calibration of the ASz-62IR-16X engine algorithm).
Ignition advance angle for ASz-62IR-16E engine was 15°
before GMP for the front spark plug and 20° before GMP
for the rear spark plugs. The ignition advance angle for the
ASz-62IR-16X engine varied between 10-21° for the front
spark plug and 15-26° for the rear spark plug, depending on
the rotational speed and intake manifold pressure.

Table 2. Parameters of the exhaust gas analyser HG-400

Measurement | Measurement
Component . Measurement accuracy
range resolution
< 0 + 0
co 0...10% vol | £0.01%vol, | =27 Yol 20.06% vol
21.2% vol. 5%
< 109 +0.59
o, 0...20% vol. | £0.1% vol. 10% vol. 0.3% vol.
210% vol. £5%
< +
HC 0...20000 +1 ppm vol. 220 ppm vol. 11 ppm vol.
ppm vol. 2220 ppm vol. +5%
<2% vol. £0.1% vol.
o 0...22% vol. | +0.01% vol.
’ ’ °vo >2% vol. 5%
< +
NO, 0...5000 +1 ppm vol. 500 ppm vol. +50 ppm vol.
ppm vol. 2500 ppm vol. £10%

The tests were carried out in steady state of engine ope-
ration at points corresponding to the acceptance tests of
engine production. These points are in line with propeller
characteristics and include: take-off power (2200 rpm),
nominal power (2100 rpm), 90% of nominal power (2030
rpm), 75% of nominal power (1910 rpm), 60% of nominal
power (1770 rpm) and 50% of nominal power (1670 rpm).
At each point was measured:

1) The pressure in cylinder 2 in the following 500
cycles;

2) Torque;

3) Engine speed;

4) Exhaust gas composition.

Power was determined on the basis of torque and speed
measurements and converted to normal conditions. Cylin-
der pressure measurements were analyzed and the mean
indicated pressure and its standard deviation were deter-
mined for 500 consecutive cycles.

3. Results

The following figures show the results of research and
analysis of comparison of engine performance with the
constant ignition advance angle (ASz-62IR-16E engine)
described in the diagrams as Constant and with the variable
ignition advance angle (ASz-62IR-16X engine) described
in the diagrams as Algorythm.

Figure 3 shows the reduced engine power at the particu-
lar measuring points on both ignition systems. It can be
seen that the characteristics of the engine practically over-
lap. In order to show the level of changes, the percentage
difference between the power obtained for an engine with
a constant and variable ignition advance — Fig. 4. It can be
seen that the determined differences do not exceed 2.5%
and their average value is 0.7%. Therefore, it can be con-
sidered negligible and resulting from the measurement
spread.
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Fig. 3. Relationship between power and rotational speed for constant and
variable ignition advance angle

Fig. 4. Differences in reduced engine power between engines with constant
and variable ignition advance angle

Figure 5 shows the mean indicated pressure from cylin-
der no. 2 of the engine at particular measuring points at
both ignition systems. Here, too, the characteristics practi-
cally overlap. The differences — shown in Fig. 6 — are small
and result mainly from the non-repeatability of the measu-
rements.

Fig. 5. Relationship between IMEP and rotational speed for constant and
variable ignition advance angle

Fig. 6. Differences in IMEP power between engines with constant and
variable ignition advance angle

Fig. 7. Relationship between standard deviation of IMEP and rotational
speed for constant and variable ignition advance angle

Significant differences were noted in the analysis of the
standard deviation of the mean indicated pressure — Figs 7
and 8. The use of electronically controlled ignition system
allows to reduce the non-repeatability of the combustion
process — lowering the standard deviation of the IMEP. The
introduction of a variable ignition advance angle, better
adapted to a specific point of work, allows to reduce the
non-repeatability by more than 28% on average.

Fig. 8. Differences in standard deviation of IMEP power between engines
with constant and variable ignition advance angle
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Figures 9 and 10 show carbon monoxide emissions.
This engine is characterised by high CO emissions, espe-
cially at points of nominal power and take-off power. The
emission value reaches 5.8% at nominal power and more
than 10% at take-off power respectively. This is due to the
regulation of the air-fuel mixture for these points. The mix-
ture is very rich in this case (often exceeds lambda < 0.7) as
a result of the use of fuel for engine cooling. This is a char-
acteristic solution for this type of engines. The use of
a controlled ignition system results in a slight decrease in
emissions at all measuring points. This decrease is on ave-
rage 3.8% and means that ignition control has improved
combustion quality.

Fig. 9. Relationship between CO emission and rotational speed for con-
stant and variable ignition advance angle

It is also noticeable in the level of emission of non-
flammable HC hydrocarbons — Figs 11 and 12. One can
also see high emission at points of nominal power and start-
ing power resulting from engine cooling with fuel, reduced
by 2.8% on average with improved ignition advance angle.

Fig. 10. Differences in CO emission power between engines with constant
and variable ignition advance angle

This is also confirmed by the emission of carbon dioxide
— Figs 13 and 14. In this case, the improvement of the com-
bustion process results in an increase in CO, emissions.
This is due to the better oxidation of HC and CO (reduction
of their emissions). With the introduction of ignition con-

trol, an average increase in emissions of 1.9% was
achieved.

Fig. 11. Relationship between HC emission and rotational speed for con-
stant and variable ignition advance angle

Fig. 12. Differences in HC emission power between engines with constant
and variable ignition advance angle

Fig. 13. Relationship between CO, emission and rotational speed for
constant and variable ignition advance angle

The improvement in combustion can also be seen in
NOy emissions — Figs 15 and 16. At nominal power and
90% of nominal power, NO, emissions are the highest and
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exceed 1300 ppm. This is due to the power-optimal setting
of both the composition of the mixture and the ignition
advance angle. At the take-off power point, this value drops
due to the lowering of the combustion temperature through
significant enrichment of the mixture (Fig. 17).

Fig. 14. Differences in CO, emission power between engines with constant
and variable ignition advance angle

Fig. 15. Relationship between NOy emission and rotational speed for
constant and variable ignition advance angle

Fig. 16. Differences in NOy emission power between engines with constant
and variable ignition advance angle

The introduction of ignition control improves the com-
bustion process resulting in a reduction in NO, emissions.
In the analyzed case, at each point the emission value was
reduced and the average value decreased by 4.0%.

Fig. 17. Relationship between fuel ratio and rotational speed for constant
and variable ignition advance angle

4. Conclusions
To summarize, it can be stated that for the tested engine

design:

1. The use of ignition advance angle control with respect
to engine speed and load has practically no effect on
power output. This can be seen both in the obtained
mean indicated pressures and reduced power. Therefore,
the ignition advance angle in the case of its constant
value has been correctly selected.

2. The introduction of ignition timing control has signifi-
cantly contributed to the reduction of combustion non-
repeatability.

3. The introduction of ignition timing control has also
improved the fuel oxidation process, which can be seen
in the increase in CO, in exhaust gases while reducing
CO and HC emissions. However, the improvement in
combustion resulted in an increase in NO, emissions.
Therefore, the use of an electronic control system for

ignition timing mainly affects the stability of the combus-
tion process, which will result in a reduction in vibrations
of the engine. A much more important feature is the ability
to easily adapt the ignition control to different types of
fuels, which in the case of the previous system required
mechanical adjustment.
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Nomenclature

IMEP indicated mean effective pressure NO, nitrogen oxides emission

CO  carbon monoxide emission CO, carbon dioxide emission

HC  non-flammable hydrocarbons emission
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Tadeusz DZIUBAK

Properties of material with nanofiber layer used for filtering the inlet air
of internal combustion engines

Nanofiber properties, and the possibilities of their application in industry, including the production of car air intake filtration
materials for vehicle engines are discussed. The attention is paid to the low efficiency of standard filtration materials based on cellulose
in the range of dust grains below 5 um. The properties of filtration materials with nanofibers addition are described. The conditions, and
methodology of material filter paper tests at the station with particle counter were developed. Studies on the filtration characteristics,
such as: efficiency, accuracy, as well as pressure drop of filtration materials differing in structure were made: standard paper, cellulose,
and these materials with the addition of nanofibers. These are commonly used filter materials for filter inserts production of car air
intake systems. Test results show significantly higher values of the efficiency, and filtration accuracy of materials with nanofiber layer
addition of dust grains below 5 um in comparison with standard filter paper. It was found that there are 16 um dust grains in the air flow
behind the insert made out of cellulose,, which may be the reason for the accelerated wear of the engine's "piston-piston ring-cylinder”
association. Lower values of dust mass loading coefficient km for filtration materials with the addition of nanofiber layer, in relation to
standard filter paper were observed.

Key words: engine, air filter, filtration materials, nanofiber filter media, filtration efficiency, filtration performance, pressure drop, dust

mass loading

1. Introduction

The dominant filter material of modern inlet air internal
combustion engines is filter paper (porous material), char-
acterized by filtration performance d, > 5 pm, filtration
efficiency at ¢y, = 99.9%, low thickness g, = 0.4-0.8 mm,
and the same small (k,, = 200-250 g/m®) dust absorptivity
limited by the permissible pressure drop Apg,, of the air
filter [3, 5, 6-9]. Filter papers stop dust grains on the fibers
(which have approx. diameter of 20 um) of the porous
barrier due to the various forces, and filtration mechanisms.
Over time, dust grains are deeply embedded in the fibrous
structure of the filtration media, preventing the proper air
flow. As a result, there is a continuous pressure drop on the
filter, until the value of Apy.p is reached, which is the crite-
rion of air filter usage end, and the exchange of the filter
cartridge.

It is believed that all dust grains above d, > 1 um which
are of mineral origin cause accelerated components wear of
internal combustion engines [2-5, 7, 10]. The air filter
responds for supplying air to the engine cylinders of the
appropriate quality (purity), to minimize engine compo-
nents wear.

The development of fiber production technology has
caused that more and more often, filter manufacturers, for
example: Donaldson, Maan-Hummel, use filtration materials
with an additional nanofiber layer. These are the fibers with
very small diameters, ranging from 50-1000 nm, which
dependins on their production process, and the type of po-
lymer used.

A thin layer of nanofibers applied from the inlet side to
a standard filter bed (eg cellulose) retains particles of impu-
rities, before they penetrate into the filter material. The
development of fiber production technology has caused that
more and more often, filter manufacturers, for example:
Donaldson, Maan-Hummel, use filtration materials with an
additional nanofiber layer. The dust particles retention on
the surface of the layer of nanofibers allows their subse-

quent removal (filter cleaning) by means of reverse (in the
opposite direction to the direction of air flow during opera-
tion) of a compressed air pulse under high pressure. If the
dust particles are on the filter material surface, they do not
damage (break) the structure of the filter cartridge when
they are blown out.

In the available literature, the data characterizing the
properties of filtration materials with the addition of nano-
fibers is not very common. Hence, it is advisable to carry
out experimental investigations of filtration materials with
the addition of nanofibers in terms of efficiency, filtration
performance, and pressure drop. Such studies are expensive
and labor-intense, however, this is the most reliable re-
search method.

2. Air pollution and their impact on engine

components wear

During the operation of combustion engines with air,
the significant amounts of contaminants enter into cylin-
ders, but these are mostly dust grains with sizes below 2-5
pm as modern air filters, where filter paper or non-woven
fabric is a filter medium, operate with such precision. Lar-
ger dust grains enter into the engine cylinders as a result of
the failure of the air supply system. The contaminants enter
into the engine cylinders also with fuel and oil but their
amount is much smaller. The abrasive wear occurs when
a hard foreign objects get between two cooperating surfac-
es, sticking into the different depths, leading to deformation
and cutting micro volumes of surface layers of the coope-
rating components. The literature is dominated by the view
that the greatest wear is caused by the dust grains of sizes
of d, equal to the minimum h,;, thickness of an oil layer
needed to create a lubricant film between the cooperating
surfaces, that is when there is the following relationship.
For any other value of the quotient of hy,;,/d,, connection
wear decreases (Fig. 1) [10].

hmin _
o, = 1 (D
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The minimum thickness of the oil film h,,;, between two
abrasively cooperating surfaces is directly proportional to
the temperature-dependent oil viscosity N, the C coefficient
depending on the bearing dimensions, relative speed of
lubricated surfaces U, and inversely proportional to the P
loading force and is expressed with the general dependen-
cy:

Bayin =1 @

a) b)

Fig. 1. Effect of solid particulates on a tribological connection: a) contam-
inations suspended in the oil [1], b) condition of the maximum connection
consumption [10]

For the set conditions of the engine operation, the oil
film thickness h.;;, changes cyclically in a tribological con-
nections area depending on the connection operating condi-
tions. Between a cylinder liner and a piston rings, the oil
film thickness is determined by the piston speed (Fig. 2).

h

min

2 Piston ;
U
@ing

)

Fig. 2. Formation of an oil film in connections: a) P-R-C, b) pivot — bearing

Cylinder t

Iner Bearing

Pressure zone
High pressure zone

Pressure profile

Between the BDC and UDC dead centres, the piston
(piston rings) speed is the largest, thus the thickness of the
oil film in this area takes the maximum values. Changing
the direction of the piston movement in extreme positions
of the cylinder liner makes that its speed in this area is the
smallest, and in BDC and UDC is zero, which leads to
areduction of the oil film or its complete disappearance.
Therefore, there may be periods of even direct metallic
contact between the piston ring and the liner. Under these
conditions, in theory, each particle with any small sizes can
cause the wear. As a result of the oil film thickness changes,
dust grains, which were between the cooperating surfaces,
are crushed and grinded and can penetrate between two
frictionally cooperating surface, where the oil film thick-
ness takes small values. In typical connections of a combus-
tion engine, the oil film thickness specified in the paper [3]
takes different values (Fig. 3).

It is clear that even the smallest dust grains and those
below 2-5 um will result in accelerated wear. It is believed
that all the dust grains above 1 pm are the cause of acceler-
ated wear, but the dust’s abrasive aggressivity decreases
when the dust grains sizes are below 5 um. However, the
dust grains below 1 pm are dangerous because they affect
the cylinder sliding surface like polishing paste. Oil parti-

cles do not adhere to a polished cylinder bearing surface,
which leads to breaking the oil film and accelerated wear.
The volume consumption of engine components due to the
impact of dust depends on: the parameters of the sucked in
dust, clearances between cooperating parts, design and
operating engine parameters, material mechanical proper-
ties. The dust entering with the air into the engine cylinders
affects the first piston ring, the piston, and the top cylinder
part the most intensively. Applying by-pass filters in engine
lubrication systems resulted exactly from the need to re-
move contaminants of with the dimension of below 1 pm
from the engine oil.

Fig. 3. Oil film thicknesses in typical combustion engine connections [3]

Figure 4 shows the results of the P-R-C connection wear
of a 4-cylinder engine with spontaneous ignition (Vg = 1.3
dm’, N, = 66 kW at 4,000 rpm, M, = 200 N-m in the range
of 1,750-2,250 rpm), turbocharged, with charge air cooling
and exhaust gases recirculation after 1,200 hours of opera-
tion according to a specified endurance test [18]. The great-
est wear of the cylinder liners was registered in their upper
part, in the plane perpendicular to (B-B) the engine axis,
which is consistent with other studies results [10]. The
cylinder liner and piston rings wear caused by contaminants
entering into the cylinder liner with the inlet air and con-
taminants in the oil causes the decline in the rod side area.
As aresult, there is a loss of the compressed agent, and thus
the pressure drop at the end of a compression stroke, and
consequently the tested engine power drop by approxima-
tely 2.5% and increase in specific fuel consumption by
3.4% (Fig. 4).

Fig. 4. Cylinder liner wear of a 4-cylinder, turbocharged engine with
spontaneous ignition and power Nemax = 66 kW in a plane perpendicular
(B-B) and parallel (A-A) to the engine axis [18]
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The P-R-C connection wear is also the increase in the
intensity of exhaust fumes blow-through into a crank case
(Fig. 5), which increases the lubricating oil temperature,
decreases its lubricating properties and blowing the oil
through exhaust gases. The result of this is a loss of “a lub-
ricant film,” and as a result of which the system passes
from fluid friction conditions to mitigated solid friction.

Fig. 5. Effect of the test on: a) the engine exhaust gas blow-through at full and
low engine load, b) the engine oil consumption at various engine loads [18]

After 1,200 hours of operation at full load and 4,000 rpm,
blow-through intensity increased by 61%. This accelerates
considerably the engine oil degradation. The increased
looseness in the P-R-C connection intensifies the phenome-
non of piston rings operation, thus oil consumption and ex-
haust fused toxicity increase. At the same time, the engine oil
consumption increased by 108%, 96% and 113% respective-
ly at loads of 100%, 33% and 20 N-m (Fig. 6).

Fig. 6. Effect of the test on: a) the engine exhaust gas blow-through at full and
low engine load, b) the engine oil consumption at various engine loads [21]

The accelerated wear of the cylinder liner may be a re-
sult of engine operation with an inoperative air filtration
system. Figure 7 shows the image of such wear of a truck’s
cylinder liner.

Abrasive wear of the cylinder bearing surface is visible
in the form of parallel, continuous scratches bands along
a forming cylinder liner in a cylinder bearing surface top
area along approximately 1/5 of the circumference.
Scratches were caused by hard and big dust grains. Scratch
bands are so intense and deep that traces of final cylinder
bearing surface treatment — honing — are invisible (Fig. 7a).
Figure 7b shows much less wear of the cylinder bearing

surface, seen as single scratches over the traces after sur-
face treatment. Figure 7c shows the view of a truck en-
gine’s cylinder bearing surface operated with an operative
air filtration system. Honing traces and combustion pro-
ducts deposits on the cylinder liner above upper dead centre
of the first piston ring are clearly visible.

a) b) ©)

Fig. 7. View of a truck’s engine cylinder bearing surface operated with an

operative and inoperative air filtration system: a) clear scratches band

without honing traces, b) visible single scratches band over surface treat-
ment traces, ¢) an operative air filtration system [7]

3. Nanofibers filtration materials properties

Proper purity of the air supplied to the internal combus-
tion engine piston cylinders is provided by the air filter
together with the intake. In today's passenger cars and vans,
there are used single-stage filters, which are equipped with
filter inserts made of pleated paper (sometimes made of
non-woven fabric) shaped in the form of cuboidal panels.
For filtering intake air for vehicle engines used in condi-
tions of high dust concentrations in the air, two-stage or
three-stage filters are used. The first stage of filtration is
then an inertial filter, and the second is a series of a porous
barrier made of filter paper behind it. The development of
fiber production technology has caused that more and more
often filter manufacturers, for example Donaldson, Mann-
Hummel, use filtration materials with an additional nano-
fibers layer to build filtration inserts.

Nanofibers have completely different properties com-
pared to standard fibers. First of all, in relation to the mass,
they have a large surface area, much higher strength, and
they are also characterized by higher chemical activity, and
higher moisture sorption. They can be used to build filters
to separate chemical or biological contaminants from the
blood plasma, they can be used as gas filters, and impurities
with very small diameters - filters with molecular separa-
tion. Due to their structure, nanofibers materials have
unique properties, and offer unexpected possibilities of
their application in many fields, such as in medicine, energy
and air filtration [15].

Nanofibers can be made from different polymers, and
thus have different physical properties. Examples of natural
polymers include collagen, cellulose, silk fibroin, keratin,
gelatine and polysaccharides, such as chitosan and alginate.
Nanofibers diameter depend on the type of used polymer,
and the method of production [19]. All polymer nanofibers
are unique due to their large area, and volume, considerable
mechanical strength, and small fiber diameter. Filter media
made of nanofibers are characterized by high porosity and
small pore sizes [11, 13—15].

In automotive industry, fibers with very small diameter
of about 0.05-0.8 pm (50-800 nm) are used. As a compari-
son [25]:
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e cellulose fiber thickness — 10 000-20 000 nm
¢ human hair thickness =20 000-80 000 nm
¢ blood red cell diameter — about 7000 nm
¢ bacteria — 2000 nm.
Figure 8 shows SEM image of nanofibre coated filter
medium [23].

Fig. 8. SEM image of nanofibre coated filter medium [23]

The most widely used method of producing nanofibers
is the electrospinning method [19]. It is a process of obtain-
ing fibers from molten polymers or their solutions, using
high voltage. This modern technology, using the right pol-
ymer, and dissolution system, now allows the production
of fibers with diameters ranging from 3 nm to 1000 nm.
Virtually any polymer can be obtained in the form of fibers
by electrospinning. Nanofibers have many possible techno-
logical, and commercial applications in the following areas:
tissue engineering, drug delivery (release), diagnosis of
carcinogenic changes, lithium-air batteries, optical sensors,
and air filtration.

Due to the limited mechanical, and strength properties
of the thin layer of nanofibers (1-5 um), it is applied to the
substrate (Fig. 9) from conventional filtration materials that
have higher strength. The nanofibers may be laid on one or
two sides of the substrate, which may be: cellulose, nylon
or polyester. Usage of nanofibers, as an additional layer
applied to standard filter materials for air filters used in
motor vehicles, significantly increases the efficiency and
accuracy of filtration.

Fig. 9. Nanofibers applied to a cellulose substrate — cross-section view [13]

Figure 10 shows the fractional efficiency of a cellulose-
based nanofibre filtration medium, on which a 0.3 mm

nanofiber layer, g, = 0.1 g/m’ and fiber diameter in the
range of 40-800 nm was placed [15, 16]. With the increase
of the dust grain size, the efficiency of filtration for both
filter cartridges gets higher and higher values, but the filtra-
tion efficiency of the filter cartridge with the nanofibers
layer has higher level. For dust grains with d, = 0.25 um,
filter cartridge filtration efficiency, with the "meltblown"
nanofiber layer applied is ¢ = 80%, and for a standard cel-
lulose fiber filter only ¢ = 20%. With the dust grain size,
the difference in the filtration efficiency of both cartridges
decreases and for d, = 4.5 um it is 99.8% and 97% respec-
tively. Nanofibers layer usage on a standard filtration sub-
strate also causes an increase in the pressure drop Ap. For
the speed vg = 0.3 m/s, the insert with the addition of nano-
fibers has a 75% higher flow resistance Ap than the stan-
dard [12]. These values are much higher, than those based
on cellulose, and commercial materials with the addition of
nanofibers (Fig. 3).

Fig. 10. Pleated filter elements made of cellulose fibers, nanofiber layer
and cellulose fibers filtration efficiency [12]

The ratio of the nanofibers to the cellulosic fiber diame-
ter is approximately 1:130. This results in a significant
increase in the filtration area for the nanofiber bed. Nano-
fibers area of 1 g, with a diameter of 200 nm is approxi-
mately 20 m*/g, and only 0.2 m*/g for cellulose fibers with
a diameter of 20 um. Fiber diameter is the main variable
responsible for the filtration efficiency, and flow resistance.
The efficiency increases rapidly as the fiber diameter de-
creases. For example, the use of fibers with a diameter of
1um instead of 50 um leads to an increase in the filtration
quality factor by 2000 [15, 16].

Filtration efficiency, filtration performance and pressure
drop of filtration materials with an additional nanofiber
layer depends on the substrate structure (type of material),
and the layer of nanofibers thickness. The paper [14] pre-
sents the results of filtration effectiveness tests of four sam-
ples made of different filtration materials: 1 — nonwoven,
2 —knitted, 3 — woven, 4 — charmeuse (silk nonwoven).

Filtration efficiency, and pressure drop were determined
for samples with nanofiber layers with a basis weight of:
gn = 0.02 g/m?, g, = 0.1 g/m?, g, = 0.5 g/m?, and without
a layer of nanofibers. Photos from the SEM microscope for
sample C with a layer of nanofibers with set weights are
shown in Fig. 11. The nanofibers had an average diameter
of 140 nm with a standard deviation of 30 nm. The average
pore size for the nanofiber layer with the basis weight
gn = 0.02 g/m?, g, = 0.1 g/m’, g,, = 0.5 g/m” were respec-
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tively 1190 nm, 540 nm and 260 nm. The effect of applied
nanofiber layer on the filtration efficiency of the filter mate-
rial (nonwoven fabric 1) is shown in Fig. 12. Material filtra-
tion effectiveness without the nanofiber layer is very low,
and for particle sizes below 2 um does not exceed 10%.
A small layer of nanofibers with g, =0.02 g/m* increases
the filtration efficiency of particles smaller than 2 pm over
60%. Nanofibers layer with g,=0.1 g/m’ increased the
filtration efficiency of particles with dimensions of 2 pum to
the value of about 90%, and for g,, = 0.5 g/m* — to the value
of over 99%.

a) b)

<) d

Fig. 11. SEM microscope photographs for sample 3 with nanofiber a basis
weight layer: a) without nanofibers, b) g, = 0.02 g/mz, ¢) gm = 0.1 g/mz,
d) gn=0.5 g/m’ [14]

Fig. 12. Material filtration effectiveness (nonwoven fabric sample 1)
without a nanofiber layer, and with nanofiber layer with unit weight
gm=0.02 g/m?, g, = 0.1 g/m’, g, = 0.5 g/m? [14]

There are known constructional solutions for vehicle in-
let air filters (Abrams M1 tank), where a filter cartridge
with the addition of nanofibers, and a system of automatic
impulse purification of the PJCA (Pulse Jet Air Cleaner)
filter cartridge is used [12]. It ensures several times longer
air filter life, and thus longer vehicle life without the need
to operate the filter. The principle of PJAC operation sys-
tem is that at the time when the pressure drop of the filter
inflow does not exceed the permissible value, the air filtra-
tion process takes place, as in every vehicle filter. After
pressure drop reaches certain value, a pressure modulator is

activated for 0.1-0.35 s, producing a pulse in the form of
compressed air with a pressure of 0.4-0.6 MPa. Com-
pressed air flowing in the opposite direction, to the air flow
direction during the filtration process blows out dust parti-
cles from the surface of the filter cartridge, which then fall
into the dust collector [20].

Figure 13 shows that the standard filter cartridge,
mounted in a tank which moves in the column in desert
conditions, reaches the permissible value of pressure drop,
Apgiop = 7.6 kPa (30 inches of H,0O) after driving about 25
km (16 miles).

When a filter cartridge with a nanofiber layer equipped
with an automatic pulse cleaning system reaches maximum
pressure drop of approximately 6.3 kPa (25 inches of H,0),
the pulse cleaning system will be activated. After removing
the dust from the nanofiber layer, the pressure drop de-
creases to approximately 5 kPa (20 inches of H,O), and
remains at this level.

Fig. 13. Air cleaner pressure drop versus miles traveled in 20 mph convoy
test in desert conditions and automatic cleaning system [12]

4. Author’s own research

4.1. Aim, scope and research subject

The aim of the research was to determine, and compare
filtration properties: efficiency and accuracy of filtration,
and filter cartridges flow resistance made of various filter
materials (cellulose, polyester with the addition of nano-
fibers) by determining their following characteristics:

» filtration performance d, ., = f(ky),

» filtration efficiency ¢y, = f(ky),

» pressure drop Ap,, = f(ky,,),
where: k,, — dust mass loading, determining dust mass m,,
retained, and evenly distributed over 1 m” of filter material
active surface, which is expressed by the dependence:

ki =2 [g/m’]. 3)

The filtration speed is defined as the quotient of the air
stream flowing through the filter cartridge Q,, (equal to the
engine air demand), and the area of the active paper filter
Ay, and is expressed by the following relationship:

Qw
[m/s]. “)

V: = —m
Fw ™ A,%x3600

The subject of the research were four filter cartridges of
the same type, same dimensions, same filtration surface
A, = 0.153 m* but differing in the filter material (Fig. 14).
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On two standard filtration materials, there is a nanofiber
layer on the inlet side. In order make test analysis easier,
filter materials have been labelled as follows:

* A (cellulose),

* B (polyester),

* C (cellulose + polyester + nanofiber layer),

* D (polyester + nanofiber layer).

Fig. 14. Filter cartridge

Tested filter materials characteristic parameters are
summarized in Table 1. Three times higher air permeabil-
ity, and double the size of the filter material A (cellulose)
pores from other materials is noteworthy.

Table 1. Tested filtration materials parameters according to the
manufacturer's data

. . Permeability . . . -
igélnlfirﬁli‘;ﬁfn Filtration material dp [m3/ m% h], Grd{[m/n[;zg]e Thlc[kl:sjs S
200 [Pa] gm & g [u
A Cellulose 3017 121 610
B Polyester 650 180 500
C Cellulose +‘polyesler 660 120 300
+ nanofibers
D Polyester 525 180 500
+ nanofibers

4.2. Methodology and test conditions

Tests were carried out at the station (Fig. 15), which was
equipped with the Pamas-2132 particle counter with the
HCB-LD-2A-2000-1 sensor. The meter registers the number
and size of dust grains in the air stream Q, behind the tested
filter cartridge in the range of 0.7-100 um in i = 32 meas-
urement intervals, limited by diameters (d_imin—zimax)-

Q- reseach strem
O, - screning stream

> inlet air
==p> purifield air

----> dispensed dust
220V

O] 2

220 g

—
00000 g

Fig. 15. Filter cartridge test stand functional diagram: 1 — filter cartridge,
2 — dust chamber, 3 — dust dispenser, 4 — rotameter, 5 — U-type manometer
tube, 6 — measuring tube, 7 — humidity measurement set , ambient air
temperature and pressure, 8 — measuring probe, 9 — particle counter
(a — sensor, b - counter microprocessor, ¢ — test stream filter, d — vacuum
pump, e — flow control block, f — measuring computer), 10 — absolute
filter, 11 — rotameter, 12 — air stream regulation valve, 13 — suction fan,
14 — analytical balance

During the tests, a research cycle was applied, in
which five counts of the dust grains in the range 0.7-20 pm
were programmed, divided into 20 identical measurement
intervals limited with diameters (dimin—dzimax) With a step of
Ad,; = 0.4 pm (0.7-1.1 pm; 1.1-1.5 pum; 1.5-1.9 um; ...;
8.3-8.7 um) and 11 identical measurement intervals limited
with diameters (dgimin—dzimax) With a step of Ad,; = 0.8 um
(8.7-9.5 pm; 9.5-10.3 pm; 10.3-11.1 pm; ...; 15.9-16.7
pm). The last measuring compartment had a range of Ad,; =
16.7-20 pm.

At the appropriate distance after tested filter, the tip of
the measuring probe is placed centrally in the axis of the
cable, which is followed by air suction to the particle coun-
ter sensor. The measuring lead ends with a special (abso-
lute) filter, which prevents dust from entering the rotameter,
and at the same time it is a measuring filter. The cover in
which the cylindrical filter cartridge is located, PTC-D (Fig.
16) test dust is being dispensed as the national replacement
for AC fine test dust, whose chemical, and fractional com-
position is given in [21].

The pressure drop Ap,, in the cartridge was defined as
the decrease of the static pressure in the outlet pipe at
a distance of 6d,, from the edge of the cartridge outlet on
the basis of the Ahy [mm H,O] indicator on the U-tube
liquid manometer, according to the relationship:
= (p,, — Py) * g [kPa]. 5)

Apwj = 1000

where: P, — manometric liquid density [kg/m™], py — air
density [kg/m™], g — gravity acceleration [m/s’].

Fig. 16. PTC-D test dust used for testing: a) size distribution, b) chemical
composition (PN - ISO 5011)

Cartridges filtration characteristics were determined for
the filtration speed v, = 0.1 m/s. For passenger car filters,
the maximum speed of paper filtration is in the range of
0.07-0.12 m/s [3, 4, 8, 9, 22]. For the assumed filtration
rate (Vg = 0,1 m/s), the maximum value of the test stream
calculated according to the following relationship has the
value Qumax = 56 m’/h.

A,, * Vgy - 3600 [m’/h] (6)

meax =

where: tested inserts filtration surface A,, = 0.153 m>.

The RIN 60 rotameter of the measuring range 3-67
m’/h and the accuracy class 2.5 was assumed for air stream
measurement.

Tested filtration materials filtration characteristics were
determined by the gravimetric method. Dust mass retained
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on the tested filter cartridge, and the absolute filter was
determined in subsequent measuring cycles with a specified
duration. The concentration of dust in the inlet air to the
filter cartridge s = 0.5 g/m’ was used. The tests were carried
out in measuring cycles j with duration (time of equal dust
dosing) T, = 3 min. in the initial period, and T, = 9-12 min
in the basic period of filter cartridges work. After each
measuring cycle j, the parameters necessary to calculate:
efficiency, filtration performance, pressure drop and dust
mass loading of the filter cartridge were determined. The
dust mass was determined by an analytical balance with
a measuring range of 220 g and an accuracy of 0.1 mg.

The tests were performed in measurement cycles result-
ing from time t, of even dust dispense to the filter. During
the measurement cycle at a moment t, = V2 t,,, the procedure
of counting of the particle number and measurement of its
size was initiated in the counter downstream of the filter.

After each j-th measurement cycle the following were
determined:

* The pressure drop Ap,, in the cartridge was defined as
the decrease of the static pressure in the outlet pipe at

a distance of 6d,, from the edge of the cartridge outlet

on the basis of the Ahy; [mm H,O] indicator on the

U-tube liquid manometer, according to the relationship:

Apy; = D, (P, — Py) - 8 [kPa]. (N

1000

where: p,, — manometric liquid density [kg/m’], py — air

density [kg/m’], g — gravity acceleration [m/s’].

» The efficiency of filtration, as a quotient of the mass of
the dust mgg; trapped by the filter and the mass of the
dust mp; introduced into the filter during the subsequent
j-th measurement cycle based on the relation:

o =—H=_T8_ 100, (8)
] mpj ij+mA]-
* Mass loading of dust ky; of the investigated filtration
material:
_ ZjL . mj

Ky = =

g/ m’]. ©)

* The number N, of the dust grains in the airflow down-
stream of the filter (passed through by the filtering ma-
terial) in the measurement intervals limited with diame-
ters (dzimin+dzimax)-

* The accuracy of filtration — as the greatest size of the
dust grain d,; = d;mx in the airflow downstream of the
filter.

* Percentage share of individual dust grain fractions in the
air downstream of the filter for a given test cycle:

Nzi __Nai 1400
iy, T 57N, 100%, (10)
where: N, = Y32 N,; — total number of dust grains passed

through by the filter (from all measurement intervals) in the
test cycle.

4.3 Test results analysis

Test results filtration efficiency ¢y, filtration performance
d,max, and pressure drop Apy calculations of tested filtration
materials are shown in Fig. 17. As the dust mass retained in
the filtration layer increases (k,, coefficient increase) the

filtration efficiency, filtration performance and pressure drop
of filter cartridges assume increasing values. This is the result
of the space filling between the fibers (pores), which is con-
sistent with the literature [4, 5, 8, 15, 16].

The work of tested filter cartridges can be divided into
two stages. It was assumed that the first (I), the initial stage
of filter cartridges operation, lasts until the filtration effi-
ciency stabilizes at the level of ¢, =99.9%. This stage is
characterized by low initial efficiency, filtration perfor-
mance, and low pressure drop.

For a filter cartridge made of filter material A (cellu-
lose), the initial filtration efficiency is @y = 96.5%, and the
maximum grain size does not exceed the value of
dymaxa = 16.7 um. The determined value of filtration effi-
ciency (y = 99.9%) is achieved at the dust mass loading
kma = 91 g/m’, while the pressure drop increase is insignifi-
cant. For the other cartridges made of other filtration mate-
rials, the first stage is much shorter.

Fig. 17. Filtration efficiency @y, filtration performance, d,m.x, and pressure
drop Apy, depending on the tested filter cartridges dust mass loading ky,

For the B (polyester) insert, stage (I) ends with the dust
mass loading ks = 56.1 g/m’, for the cartridge C (cellulose
+ polyester + nanofibers) kyc = 35.8 g/m”, and for the con-
tribution D (polyester + nanofibers) coefficient k,p = 15.6
g/m*. The initial filtration efficiency for the mentioned
cartridges is assumed to be higher, respectively:
Owp = 98.4%, Qwc = 99.3%, @up = 99.6%. At the end of the
first stage filtration, the sizes of the maximum grains for the
contributions A, B, C, D are stabilized at the following
level: dymaxa = 4.7 um, dypaxg = 3.9 um,  dymaxe = 3.1 um,
dymaxp = 3.5 pm.

The initial work stage of the A cartridge made of cellu-
lose is several times longer than the insert D (polyester with
a layer of nanofibers) and the contribution of C (cellulose +
polyester + nanofibers). At the same time, the required high
filtration efficiency of the inserts with nanofiber layer reach
much earlier than cartridges made of standard filter material.
This confirms the literature information about the positive
nanofibers influence on the filtration efficiency, and filtration
performance materials used in automotive industry.
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In the first filtration stage, the dirt particles deposit on
the fibers surface of the porous structure, and on previously
deposited particles. In this way, they form slowly growing
complicated dendritic structures (agglomerates) that fill free
spaces between fibers. They affect the flow field around the
fibers. In response to changes in the filter structure, there
are changes in the air flow. This has the effect of increasing
the flow resistance through the filter bed.

In the second (II) stage of the filtration cartridges, the
filtration efficiency remains unchanged, stabilized
Ow = 99.9%. In contrast, the pressure drop reaches higher,
and higher values, but the intensity of growth is greater for
inserts made of materials with nanofibers addition. Filter
cartridge D achieves pressure drop Apma.xp = 4.1 kPa with
dust mass loading of kyp = 151.6 g/m’. Filter cartridge A
similar pressure drop value (Apmaxa = 3.96 kPa) achieves at
the dust mass loading ks = 243 g/m’. Inserts with nano-
fiber layer are characterized by lower dust absorption. This
is determined by the surface filtration, as a result of which
the dust grains are not allowed into the deposit, but are
mostly retained on the nanofiber layer. This is illustrated by
the measurement results (Fig. 17) of the maximum dust
grains size d,m,x in the air after the tested cartridges. In the
air after the insert A (cellulose) there are grains with the
dimensions of dy.xa = 4.3-16.7 um, and behind the insert
D, where there is nanofiber layer, grains with much smaller
dimensions d,mxp = 2.3-4.3 um.

Filter elements made of cellulose composite and polyes-
ter, together with the applied layer of nanofibers, are cha-
racterized by higher efficiency, and filtration performance
in the whole range of work (smaller dust grain sizes d, in
the air behind the filter cartridge) than inserts made of filter
material without a layer of nanofibers.

With the increase of dust mass retained in the filtration
layer (k,, coefficient increase), filter cartridge flow re-
sistance has higher and higher values. The increase in flow
resistance is greater for cartridges (C, D) that have an addi-
tional nanofiber layer. Therefore, the cartridges will achieve
determined permissible resistance value faster during usage
of the car Apyqop = 4 kPa (Fig. 18).

Fig. 18. Filter cartridges pressure drop depending on mass loading
coefficient ky,

Filter inserts with a nanofiber layer obtain a maximum
mass loading of dust of k, = 145-180 g/m" (Fig. 18). For
a similar pressure drop value Apydp (about 4 kPa) filter

cartridges without nanofibers layer obtain dust mass load-
ing in the range of k,, = 225-243 g/m?, which is 50% more
value. This is due to the lower pressure drop intensity of the
filter cartridges without the nanofibers layer. After the fil-
tration inserts with nanofiber layer have a pressure drop of
4 kPa, the phenomenon of dust agglomeration from the
filter bed is observed. This is a proof that in filter beds with
nanofiber layer, mainly surface filtration occurs, not deep.

Reaching allowed resistance by the filter (for tested
ones Apwdop = 4 kPa) forces user to change the filter car-
tridge. When using filter cartridges with nanofiber layer
their exchange intervals will be shorter.

Low efficiency, and filtration performance in the initial
period of filter cartridges work without nanofibers layer
(this is the case after replacing a contaminated filter car-
tridge with a new one) causes that dust particles larger than
1 um in the air entering the engine can have a significant
impact on accelerated wear of engine components, mainly
cylinder funnel — piston ring-cylinder, association. Such
phenomenon is not observed, when using filter cartridges
with a layer of nanofibers.

In the final stage of filtration, large dust grains
(dzmaxa = 7.9 um) are found in the air behind the filter car-
tridge A. There is also a noticeable decrease in cartridge
filtration (Fig. 17). This indicates that the grains have
passed to the outlet side of the filter material. In the final
stage, a significant dust mass is accumulated in the form of
expanded tree-like dendrites. The dust grains located at the
very top of the dendrites are entrained and transferred to the
outlet side of the filter material. As a result of this phenom-
enon, along with the inlet air, dust flows into the engine
cylinders. Measurements results of dust grains numbers in
the air after the tested filter cartridge (passed through the
filter material) are shown in Figs 19 and 21, and after over
a dozen measurements in the drawing 20 and 22.

Fig. 19. Granular composition of dust grains assumed by the filter car-
tridge C (cellulose + polyester + nanofibers) after reaching dust mass
loading ky, = 3 g/m2

The largest part in the air are dust grain which have
dimensions of 0.7-1.1 pm. For filter cartridge C, this is
a constant value, slightly over 70%. For the first measure-
ment, the part of dust grains in the range of 0.7-1.1 um is
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U, =71%, for the measurement number 3 — U,z = 73%,
and for the measurement number 8 — U, = 72%. For the
remaining measuring compartments, the part of dust grains
in the air with each measurement decreases, which indicates
the increasing filtration efficiency of the tested material.
After the filter achieved the maximum efficiency of
Prmax = 99.99%, there were dust particles smaller than 2.7 um
in purified air.

Fig. 20. Dust grains granulometric composition which passed through
filter cartridge C (cellulose + polyester + nanofibers)

Part of dust grains of 0.7-1.1 um for the filter cartridge A
(cellulose) is much smaller than the contribution of C (27%
at the time of the first measurement) and increases to 85%,
and then decreases to about 70% (Fig. 21 and Fig. 22).

Fig. 21. Granular composition of dust grains assumed by the filter car-
tridge A (cellulose) after reaching the dust mass loading k, = 2.8 g/m’

The share of dust grains of 1.1-1.5 pm size is in the
range of 20-27% until reaching the dust mass loading
kn =67 g/mz, and then decreases to about 18%, after which
it remains at a constant level. For the next measurement
intervals, including dust grains above 1.5 um, the shares of
dust grains are getting smaller (Fig. 20), and their changes
depending on the k,, coefficient are similar to the shares
of dust grains in the 1.1 to 1.5 pm range. In the air behind
the filter cartridge A (made of cellulose) after reaching the

maximum filtration efficiency Qu.xa = 99.96% there were
dust grains with dimensions below 4.7 pm.

Fig. 22. Dust grains granulometric composition which passed through
filter cartridge A (cellulose)

Conclusions

1) Nanofiber layer with a thickness of few micrometers
applied on a substrate made of conventional filter mate-
rials for car air filters increase the filtration efficiency
and filtration performance, especially for dust grains be-
low 5 pm, without a significant pressure drop. As a re-
sult, the abrasive wear of engine components, especially
those (piston—piston rings—cylinder combination), which
decide about the correct combustion process and the
power obtained, is reduced.

2) The available literature data has a limited amount of
information when it comes to filtration filter inserts
properties with nanofiber layer, and all the values of fil-
tration efficiency, and accuracy, hence it is advisable to
carry out experimental research.

3) Filtration materials with nanofiber addition create, upon
reaching a certain value of the flow resistance, the pos-
sibility of impulse cleaning them, with a stream of com-
pressed air, which ensures several times longer usage of
the filter cartridge. However, this requires the use of
a special air filter design, and additional experimental
tests in this area.

4) With the increase of dust mass retained on the filter car-
tridge (increase in the dust mass loading k,, of the car-
tridge), the filtering efficiency of the tested cartridges
increases dramatically during the initial period, however
a more intense increase is observed for the insert with
the nanofiber addition. The filter insert with the nano-
fiber layer achieves the initial filtration -efficiency
Owo = 99.34%. Such filtration efficiency value, cellulose
cartridge reaches when the dust mass loading k,, = 53
g/m’. The initial filtration efficiency of this cartridge is
Qwo = 96.54%.

5) The filtration cartridge with nanofiber addition in the
whole range of work, achieves the filtration perfor-
mance (maximum size of dust grains d,,,) in the range
of d,imax = 2.7-5.5 um. Filtration performance of the
cellulose cartridge in the initial period reaches the value
of djimax = 2.7-5.5 um, and after obtaining almost 50%
of the total working time of the cartridge, the accuracy
is at the level of d,pp.x = 4.7 um. Such air with mineral
dust sucked into car cylinder can accelerate its usage.
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6) Flow resistance increase intensity of the inserts with an

additional nanofiber layer is significantly higher, there-

fore the permissible value of Apyqop = 4 kPa is reached

much faster. This increases filter cartridges exchange

frequency,

and thus increases operating costs.

Nomenclature

BDC bottom dead center
UDC upper dead center

P-R-C piston—piston rings—cylinder
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The influence of particulate contamination in diesel fuel on the damage to fuel
injection systems

The impact of various size particulate contamination on the process of accelerated wear followed by damage to the fuel injection sys-
tem has been studied in long-term tests on an engine test stand. Also processes of tribological wear of working components of fuel injec-
tors and of high pressure pumps material has been characterised. Measurement results of particulate contamination in diesel fuels
available on the Polish market have been presented, referred to requirements of the PN-EN590 standard and of the Worldwide Fuel
Charter. In the summary attention has been drawn to the growing problem of particulate contamination in fuels available on the market,
and in particular their threat to durability and proper operation of increasingly complex and precisely manufactured HPCR type fuel
injection systems.

Key words: HPCR type fuel injection systems, particulate contamination in diesel oil, tribological wear of HPCR components, tests on

engine test stand

1. Introduction

Operational fluids must fulfil many functions, among

which the following are most important:

— supply of energy,

— lubrication of mating surfaces of working components,
— heat removal,

— power transfer in hydraulic systems,

— corrosion protection.

To fulfil their functions such fluids must feature appro-
priate practical properties and quality parameters specified
in appropriate standards, regulations, or ordinances. Dura-
bility of automotive vehicle driving units and reliability of
their operation depends to a large extent on the quality of
operational fluids used in them, including the contained
particulate contamination. The existence of particulate
contamination in operational fluids causes accelerated wear
of mechanically mating components, makes their operation
difficult, and finally results in failures, repair shut-downs,
and financial losses.

Permanent pursuit of obtaining better and better pa-
rameters in the field of unit power and fuel consumption
forces significant technical progress in terms of improving
the energy performance of engines, at the same time fre-
quently revealing delays in parallel development of manu-
facturing technology and materials science, and in particu-
lar physical metallurgy and accompanying metallographic
investigations [1-3]. This leads to reduced durability of
crucial components of engine fuel injection systems, result-
ing both from design and operational reasons. The amount
of information proving the occurrence of mechanical failu-
res of actuator components of modern HPCR fuel injection
systems, more and more widely used to fuel diesel engines,
has been growing for some time. Subassemblies and com-
ponent of aforementioned systems during the operation are
subject to various types of dynamically changing thermal
and mechanical cyclical loads, at a complex stress state.
This is caused, among other things, by pumping the fuel by
the injection pump under a pressure of approx. 250 to 300
MPa, and its quick changes in the high-pressure part of the
fuelling system due feeding the fuel via injectors to the
engine combustion chambers. The obtaining of so high

pressures is inseparably related to the necessity of precise
manufacture and matching of the moving, mating parts

(frequently with accuracy of approx. 1 pm) [1-5]. Such a
high manufacture precisions makes that the aforementioned
key actuator components of high-pressure injection systems
are very sensitive to any particulate contamination or sub-
stances inconsistent with standard PN-EN 590, which can
occur in the fuel, causing damage resulting in dysfunction
of injection systems and the necessity to carry out usually
very costly repairs. The design and way of operation of
crucial subassemblies of the fuel injection systems suggest

the occurrence of material’s tribological wear processes,
including attrition, scuffing, fatigue, fretting, diffusive,
pitting, and erosive wear, which gives an opinion about the
complexity of both damage origination mechanisms, as
well as factors that affect them. In practice, in fuel existing
in the commercial trade, one can encounter various pollu-
tants, like hard abrasive particulate matter, soft resinous
(organic) substances, microbiological structures, water, etc.
[4-8].

Hard abrasive particles are the dominating reason for
premature damage (wear) to working surfaces of pairs of
precise injection pumps (pumping) and injectors (dosing).
In this case processes of tribological material wear prevail,
including attrition, scuffing, fretting, diffusive, pitting, and
erosive wear. As it has been experimentally found, particles
1-5 um in size are most dangerous, as they can get between
moving parts of precise pairs, gradually increasing the
existing clearance between them, which has a crucial im-
pact on deterioration of parameters of injection pumps and
injectors operation. The erosive wear is caused by hard
particles of particulate contamination carried by the fuel
hitting with high speed the working surfaces of precise
working elements [8—12]. The risk of accelerated wear and
damage to components of HPCR type injection systems is
affected more by the size distribution of particulate contami-
nation than by its total weight. On average, one litre of diesel
fuel contains more than 5 x 10* of hard pollutants bigger than
15 um (coarse-grained fraction) and more than 5 x 10° hard
pollutants bigger than 5 pm (fine-grained fraction) [4].
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The main sources of particulate contamination in diesel
fuel comprise:

— production — from refinery plants and from ester pro-
ducing plants

— transport — when pollutants get to diesel fuel

— storage — when pollutants get to diesel fuel

— filling — pollutants get to the fuel from outside

— leaks in the engine fuel system, causing pollutants pene-
tration into diesel oil

— attrition of mating surfaces of working elements

— corrosive destruction of design surfaces of working
elements.

Particulate contaminations can substantially differ be-
tween each other, and they may be broken down according
to the following criteria:

— particle size

— chemical nature (inorganic, organic)
— hardness

— chemical reactivity

— shape

— electrical character.

Standard PN-EN 590 in the requirements for diesel oil
defines a permissible amount of pollutants, determined in
weight terms (24 mg/kg).

The Worldwide Fuel Charter in the third edition of 2006
[13] for cat. 2, 3, and 4 diesel oil introduced additional
requirements related to the particulate matter size distribu-
tion in classes: > 4 um, > 6 pm, and > 14 um determined
pursuant to the ISO 4406 procedure. In the case of category
2, 3, 4, and 5 the Worldwide Fuel Charter (fifth edition)
limits the particulate matter content, including:

Mass up to: 10 mg/kg

Distribution of particulate contamination size: 18/16/13
(acc. to ISO code) in accordance with standard ISO 4406.

The particulate contamination content by weight is de-
termined in accordance with the procedure of EN 12662
(mg/kg).

The Worldwide Fuel Charter recommends the standard
ISO 4406:2005 as the method to determine the level of
pollutants, and to determine the amount of pollutants - the
standard ISO 4407 or standards, in which the grain size
composition is determined by the method of automatic
particle counter, e.g. ISO 11500.

2. Methodology

The HPCR fuel injection system is a separate functional
system working directly with a diesel engine. In this system
there exist motional matchings, which are tribological sys-
tems, where these are systems operating at both sliding and
rolling friction.

The HCPR type fuel injection system performs the pro-
cess and fuel feeding and spraying in diesel engine cylin-
ders and consists of such basic subassemblies as [4]:

— fuel feeding pump

— fuel filters

— high-pressure injection fuel pump

— high-pressure fuel accumulator with high-pressure piping
— fuel injectors

— integrated module controlling the engine operation.

The subassemblies selected for further analysis in the
project, such as a high-pressure injection fuel pump and
fuel injectors are at the same time subsystems with the
following tribological systems:

— high-pressure injection fuel pump: roller—cam, roller—
follower, pump piston—follower, eccentric cam—follower,
dosing valve

— injector: nozzle needle—guide in the body, nozzle needle
—seat, electromagnetic valve plunger—guide.

2.1. Tests on the engine test stand

The engine simulation tests of HPCR system premature
wear caused by particulate contamination contained in the
Diesel fuel were performed on a multi-purpose test stand
equipped with a modern, widely used HSDI (High Speed
Direct Injection) FORD 2.0i 16V Duratorq TDCi diesel
engine coupled with an Alpha 160 AF eddy current brake
from AVL, with a control module allowing the program-
ming of the engine operation parameters (rpm, load, phase
time and ramp time between phases). The basic technical
parameters of the FORD 2.0i 16V Duratorq TDCi are given
in Table 1 [4].

Table 1. Selected technical parameters of the FORD 2.0i 16V Duratorq
TDCi engine

Engine type four-stroke, compression ignition

Fuel injection type Direct fuel injection, common rail (Delphi)
electronically controlled, cooperating with

the Levanta engine control system

Cylinders arrangement In-line, vertical

No. of cylinders 4
Injection sequence 1-3-4-2
Type of timing gear DOHC/4 VPC
Cylinder diameter 86.0 mm
Piston stroke 86.0 mm
Displacement 1998 cm®

Maximum power 130 KM (96 kW) at 3800 rpm

330 Nm at 1800 rpm

Max. torque

Max. instantaneous speed 4800 rpm
Idle speed 750£20 rpm
Compression ratio 18.2
Filling turbocharged with intercooler and “over-

boost” function

Valve clearance Hydraulic adjustment

Capacity of lubrication 6.0 dm’
system with filter
Complies with emission Euro IV

standard

The engine tests were performed in a 4-phase, repeata-
ble cycle which reflected the average engine operating
conditions in a low-intensity city traffic. The parameters of
the 4-phase cycle are given in Table 2.

Table 2. Parameters of the 4-phase engine cycle

Phase Time Engine speed Engine load
[s] [rpm] [Nm]
1 30 800 ~0
2 300 1850 100
3 120 3000 70
4 120 1500 50
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The test duration time was set as 200 hours. Two engine
tests were carried out under the project:. In the first test to
fuel the engine a commercial diesel fuel was used, meeting
requirements of the standard PN-EN 590 + Al: 2017, con-
taining 4.8 mg/kg of particulate contamination. In the sec-
ond test a fuel with the maximum permitted amount of
particulate contamination, acc. to PN-EN 590 + Al: 2017
equal to 24 mg/kg of fuel, was used to feed the engine,
however, it did not meet the limit specified for this parame-
ter acc. to the Worldwide Fuel Charter (max. 10 mg/kg of
fuel). An assumption was also made that the size distribu-
tion of contaminants contained in the fuel for tests will not
be consistent with the recommendations of the Worldwide
Fuel Charter in that respect (18/16/13 acc. to ISO 4406).
The fuel was prepared based on the same commercial diesel
fuel as used in test one. Additional particulate contamina-
tion was introduced to this fuel, in the form of Standardized
Arizona Test Dust Contaminant ISO 12103-1 Fine Grade
(A2) (SAE J726/ISO5011 Fine Grade) at such an amount as
to obtain the permitted, described above, amount of con-
taminants, i.e. 24 mg/kg. In addition, the fuel was prepared
so as to guarantee the contaminant size distribution corre-
sponding to code 18/17/15 per ISO 4406. New sets of fuel
injectors were used in tests.

Also tests of particulate contamination content in ran-
dom sampled, on various petrol stations, samples of com-
mercial diesel fuels of various producers were performed.

The particulate contamination content by weight was
determined in accordance with the procedure of PN-EN
12662 (mg/kg). Distribution of particulate contamination
size: 18/16/13 (acc. to ISO code) was determined in ac-
cordance with standard ISO 4406.

3. Results

3.1. Results of HPCR system components evaluation
after the test of diesel oil consistent with PN-EN
590 + A1: 2017 with a low particulate contamina-
tion content

After the test completion the high-pressure pump and fuel
injectors of HPCR system were disassembled to perform
visual inspection of working surfaces of element’s mating
pairs. No damage of working surfaces of the assessed ele-
ments was found visible to the naked eye. To continue the
evaluation, the components of fuel injectors were cut on a
diamond saw to prepare specimens reflecting forms of wear
in those parts of the system. Surface examinations on a HI-
TACHI S-2600 N scanning electron microscope were per-
formed to identify the forms of wear existing on selected
injector components. No major forms of wear were found
inside the nozzle tips (only material oxidation along the line
of machining is visible and few shallow attrition places in a
direction skew to the machining line) — Fig. 1.

Also needles, apart from small oxidation and clear trac-
es of machining on majority of their length, have not shown
traces of major surface wear. Visible small traces of needles
attrition (asymmetric in nature) were found only on surfac-
es of their cylindrical guiding parts - Fig. 2.

No traces of wear (attrition) whatsoever were found on
the working elements of the high-pressure pump.

In addition, tests of surface roughness and development
were conducted, limited (due to a pretty complicated and
costly procedure) to elements of selected nozzle needles.
Tests were carried out in 3 random selected micro-areas (of
approx. 1 mm” area each) of each needle representing a set
originating from the performed test, at a distance of 5 to 15
mm from the place, where the needle cone passes into its
guiding, working cylindrical part.

Fig. 1. Image of inside working surface of the nozzle tip body. Visible

lines of machining shaping the surface of mating with the nozzle needle.

Oxide bands arranged in accordance with the machining lines draw atten-
tion

Fig. 2. Image of nozzle needle surface structure in its bottom, cylindrical

(guiding) part. Characteristic places of attrition passing perpendicular to

the needle axis draw attention in the image. No traces of surface oxidation.

The surface of greater smoothness (worn) than in the central part of the
element

For each place of test a height map was determined, 3D
visualisation showing the surface topography and repre-
sentative roughness profiles in the direction aligned with
the needle axis (red line), and also in the direction perpen-
dicular to the needle axis.

At the same time, for each place of test basic parameters
describing the surface roughness were determined, i.e.: Ra
— average roughness, Rq — mean square deviation of rough-
ness, and Rt — maximum roughness height and selected
parameters describing the profile line. Fig. 3 presents eval-
uation results of the first from the three tested micro-areas.
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Fig. 3. Graphical results of testing the development (a) and roughness (b)
of nozzle needle surface after the first test, for the first evaluated micro-
area [4]

3.2. Results of HPCR system components evaluation
after the test of diesel oil consistent with PN-EN
590 + A1: 2017 with an increased amount of par-
ticulate contamination
After working during 178 hours difficulties occurred re-
lated to the maintaining the engine operation parameters in
the test and at its starting. After starting, attempts to load it

a)

resulted in uneven operation and in effect, the engine
stopped. The basic inspection of injectors in terms of flow,
hence comparison of fuel dosage evenness via the meas-
urement of overflow from individual injectors gave a clear-
ly negative outcome. Differences in the amount of fuel
dosed by individual injectors exceeded 30%.

Like in the case of the first test, after the second test
completion the high-pressure pump and fuel injectors of
HPCR system were disassembled to perform visual inspec-
tion of working surfaces of element’s mating pairs. Visible
damage traces (mainly in the form of attritions) were found
on working surfaces of needles and plungers of valves
controlling the fuel flow — Fig. 4.

a)

Fig. 4. Traces of mechanical damage originated from the impact of hard
particulate contaminations acting on the working parts of a) injector nee-
dle, and b) piston of valve controlling the fuel flow

Figure 5 presents selected components of the injection
pump subject to macroscopic examination. This examina-
tion revealed clear traces of abrasive damage (microcutting,
scratching, ploughing, adhesive wear) formed on side guid-
ing walls of follower seats in the body of high-pressure part
of the considered pump — Fig. 5a. Also characteristic, of
this pump design, wear of the raceway of internal cam ring
was found in the form of circumferential abrasive scratches
and microgrooves (grooves) and thermal changes of colour
— Fig. 5b. On side walls of followers damage of fretting
nature was visible — Fig. 5c. Damage of similar type was
observed on front surfaces of pistons in the high-pressure
part of the pump — Fig. 5d.

d)

Fig. 5. Traces of abrasive or fretting damage observed on the working surface of high-pressure pump components: a) side guiding walls of follower seats
in the pump body, b) raceway of internal cam ring, c) side follower walls, d) front piston surfaces
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Before further evaluation, the nozzles of fuel injectors
were cut on a diamond saw to prepare specimens reflecting
forms of wear in those parts of the system. To identify the
wear forms existing in selected injector elements the sur-
face was examined on a HITACHI S-2600 N scanning
electron microscope. Traces of damage (mainly in the form
of attritions) found in internal working surfaces of nozzle
bodies have clearly indicated the existence of an abrasive
agent in the area between needles and nozzle bodies mating
with them — Fig. 6.

50 pm 25 pm

Fig. 6. View of internal working surfaces of injector nozzles, including a)

single particulate contaminations of significant size, strongly embedded in

the surface, b) an example of material wear, passing parallel to the nozzle

axis, ¢) blooms of oxide nature, which arrange perpendicularly to the

nozzle axis, d) local bloom attritions, proven by a line parallel to the
nozzle axis not covered by a layer of considered bloom.

Figure 7 presents results of tests of surface roughness
and development of selected nozzle needles elements after
the second test completion. Test results apply to the first of
three studied areas of nozzle needle elements, like in the
case of the first test.

Table 3 presents a comparison of selected parameters of
surface roughness evaluation results in three studied micro-
areas of needle elements originating from the first and the
second test.

Table 3. Comparison of roughness results of evaluated needles surfaces

Roughness Ra Rq Rt
Microarea [nm] [nm] [um]
Nozzle needle after the first engine test

first 210 281 8.84
second 216 288 8.13
third 229 338 14.46

Nozzle needle after the second engine test
first 418 536 9.74
second 424 537 10.05
third 431 599 23.98

When comparing roughness results of evaluated nozzle
needles after both tests it is possible to state that in the case
of nozzle needles originating from the CR system working
with diesel fuel containing an increased amount of particu-

late contamination (second test) — Fig. 7, Table 3, the sur-
face roughness in each of studied areas is much higher as
against similar ones, related to needles after the first test —
Fig. 3, Table 3.

a)

b)

Fig. 7. Graphical results of testing the development (a) and roughness (b)
of nozzle needle surface after the second test, for the first evaluated micro-
area [4]

Moreover, in the case of needles from the second test,
apart from a higher surface roughness, grooves passing in
the direction aligned with the needle axes are observed and
also local extractions of the material and particles of partic-
ulate contamination locally embedded in the surface.

The needle surfaces after the first test feature roughness
resulting from the applied preliminary mechanical treat-
ment of the surface.

3.3. Results of particulate contamination measurements
in commercial diesel fuels

Figures 8, 9, and 10 present results of particulate con-
tamination weight content in random selected, in 2018,
samples of commercial diesel fuels. In each of figures the
orange line marks the maximum permissible amount of
particulate contamination in accordance with requirements
of PN-EN 590 + Al. These figures present consecutively
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the measured number of particles, in diesel fuel samples,
broken down into sizes, i.e.: > 4 um (code ISO 18): 1300—
2500 particles — Fig. 8, > 6 pm (code ISO 16): 320-640
particles — Fig. 9, and > 14 um (code ISO 13): 40-80 parti-
cles — Fig. 10. In each of figures the red line marks the
maximum permissible amount of particulate contamination
in accordance with requirements of the Worldwide Fuel
Charter.
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The obtained results have shown that in the case of
weight content measurements for particulate contamination
in random taken fuel samples it was found that in approx.
10% of cases the maximum value permitted by the standard
PN-EN 590 +A1 was exceeded — Figs. 8, 9, and 10. Much
more frequent and higher cases of exceeding were found in
the case of particulate matter number measured in the same
samples. In the case of particle size > 4 um (code ISO 18),
the cases of exceeding were registered in more than 60% of
samples, including cases of exceeding the permissible value
twice in approx. 40% of samples — Fig. 8. In the case of
particle size > 6 um (code ISO 16), the cases of exceeding
were registered in more than 75% of samples, including
more cases of exceeding more than twice in approx. 60% of
samples — Fig. 9. While in the case of particle size > 14 pm
(code ISO 13), the cases of exceeding were registered in
more than 75% of samples, including cases of exceeding
the permissible value twice in more than 50% of samples —
Fig. 10.

4. Conclusions
The project comprised performance of tests, on an en-

gine test stand, on the impact of particulate contamination
quantity and size in diesel fuel on a possibility of accelerat-
ed wear and deterioration of operation of modern HPCR
fuel injection systems. Also tests of particulate contamina-
tion content (total weight content and distribution of con-
tamination size) in random sampled, on various petrol sta-
tions, samples of commercial diesel fuels of various
producers were performed. The obtained results and obser-
vations allowed formulating the following conclusions and
hypotheses:

— Particulate contamination in diesel fuel is an increasing-
ly big threat to proper operation and durability of com-
ponents of modern HPCR type fuel injection system,
even if its amount does not exceed the permissible
weight determined by the PN-EN 590 standard.

— The rate, size, and form of damage (wear) of working
elements of HPCR fuel injection systems is affected not
only by the amount (measured by weight) of particulate
contamination, but primarily by its size distribution.
Current studies on fuels available on the market in Po-
land prove frequent cases of exceeding the amount of
particulate contamination in diesel fuel in terms of
weight, and in particular in terms of particulate contam-
ination size distribution.

— Further design and technological development of HPCR
systems can force introduction of changes in the field of
requirements related to particulate contamination of
fuels determined by standard PN-EN 590, and even
their broadening by parameters so far not subject to lim-
itation (particulate matter size distribution), like it is the
case of the Worldwide Fuel Charter.

— Manufacturers of HPCR type fuel injection systems
seek lowering the permissible content of particulate
matter in fuels, taking into account that further devel-
opment of those systems will be heading towards ob-
taining higher and higher pressure of fuel injection, and
hence related more and more precise machining and
mating of working elements assemblies.
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Nomenclature

HSDI Speed Direct Injection

HPCR High Pressure Common Rail
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Analysis of vibration signals using short-time analysis and clustering in parameter
space for detection of combustion engine state

The paper presents a short-time analysis of the vibration signals for the diagnosis of Diesel engine of combustion locomotive by
recognition of different engine states using the clustering technique. The main aim of the researches was to distinguish between different
engine states represent different wear extends. The proposed method of vibration signal analysis consists on sliding a time window along
signal in time and observing the changes of some given statistical parameters. The set of this parameter values creates a multidimen-
sional parameter space where the time evolution can be observed. For recognition and detection of different engine system states some
clustering techniques in the parameter space were performed. The results show the possibility of distinguishing different cluster centers

within the parameter space which can be assigning to different engine states represented the states before and after a general repair.

Key words: vibration signals, Diesel engine diagnostic, short-time analysis, clustering

1. Introduction

Typical combustion engine after a long usage time usu-
ally grow old and run down. The engine diagnostic needs
new methods for estimation of the engine state in time of it
exploitation. The rail vehicle diagnostic has not the same
long history as for example car diagnostic. It starts in sev-
enties of XX century when the number of steam locomo-
tives decrease rapidly and they were substituted by Diesel
and electric locomotives. From this time the diagnostic
methods in the area of diesel locomotive engines started to
develop.

The locomotive Diesel engines the same like other
combustion engines are nowadays an important source of
pollution. To reduce air pollution for passenger cars the
OBD norms were introduced. The main function of the
OBD system is a continuous monitoring of basic system
parameters. The problem of air pollution concerns also the
diesel engines and combustion locomotive engines [14].
The rail area is partially regulated with several regulations
considering limits on emission of combustion gases (for
example, cart UIC 623 1-2-3 in Europe). But all the time
there are no obligatory regulations for systems monitoring
the emission critical damages that might play a similar role
to that of the OBD for cars. But each year the norms and
regulations regarding combustion gases emission regarding
vehicles with heavy diesel engines like combustion locomo-
tives are develop. This fact gives an impulse to research for
new methods for detection of combustion locomotives
Diesel engines faults. To achieve this aim the vibration
signals were proposed to use.

The vibration signals were taken from an engine and
were processed using the short time analysis and clustering
method [7, 9, 11, 17]. The measurements were performed
on Diesel locomotive 401Da — 427. Unfortunately in this
area the classical methods like spectral analysis appear
insufficient. In the paper the analyses consider a vibration
signal acquired from the combustion locomotive Diesel
engine body in two states: before and after a general re-
pairman. The method of vibration signal analysis proposed
in the paper consists on sliding a time window along
a signal in time. This gives a possibility to calculate the

values of some chosen statistical parameters for a signal in
short time for each time moment. This gives also a possibil-
ity to observe the changes of these parameters in time. As
a result a set of observing parameter values creates a multi-
dimensional parameter space where the time evolution can
be observed. For recognition and detection of different
system states a clustering in the parameter space can be
performed. The results show the possibility of distinguish-
ing different cluster centers in the parameter space corre-
sponding to engine states before and after a general repair
of an engine.

2. Measurements

The acceleration measurements before repair of a Diesel
engine were done by using acceleration sensors EGCS
Entran Devices of the range +5 g. The signal was registered
by cart PCL-818HD ADVANTECH with the sampling
frequency fy, =1004 Hz/channel. The measurement after
repair were done using the sensors EGCS and some new
sensors PCB PIEZOELECTRONICS 393B04 where the
signal was amplify by 3-channel signal conditioning ampli-
fier and next registered using analogue to digital cart. The
main research object was the 14D40 no 8849 diesel engine
of Diesel combustion locomotive ST44.

A Diesel locomotive ST44 have six wheel sets placed
on two bogies, each driven by a separate traction electric
engine. The electric transmission gear is transferred to
a torque of diesel engine (14D40; power output 1470kW =
2000 KM) onto locomotive axles set. The ST44 locomotive
was a typical combustion traction vehicle for railway in
Poland about twenty and thirty years ago. Nowadays they
are gradually withdrawing from current usage [6, 8, 9].

The little different ways of performing the measurement
before and after a repair was imposed by specific of meas-
urement sets and circumstances provided in the diagnostic
station. The measurements before repair were done under
load (on water recoil) for adapted powers in the given
measurement point (Fig. 1). The sensors were located on
engine body in the places which correspond of engine
crankshaft bearing. In each measuring point acceleration
was registered in two directions: vertical and horizontal
transversal. For each point two measurement series were
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done. Because of the limited number of sensors the meas-
urement were performed in three points in one time. The
measurements were performed for defined settings describ-
ing by fixed values of powers and rotational velocities. The
periodic inspection repair included service of subassemblies
and assemblies, partial disassembling and change of dama-
ged or worn-out elements.

The measurements after repair were done under load (on
water recoil) for adapted powers in the given measurement
point. This time the measurements were done in six points.
Sensors were the same located on engine body in the places
which correspond of engine crankshaft bearing. Each
measuring point registered acceleration in two directions:
vertical (Entran sensors) and horizontal transversal (PCB
sensors). For each point two measurement series were done.

Fig. 1. The example vibration sensors mounted on an engine body in
a diagnostic station [1]

3. Data analysis

The global characteristics of the signal like Fourier
spectrum do not provide any information about local and
instantaneous signal alterations. To find some local charac-
teristic some special short-time methods of analysis can be
performed. Nowadays the using of wavelets seems most
popular in this area. But the main idea of an approach pro-
posed in the paper was taken from the earlier concept of the
short-time Fourier spectrum analysis which bases on the
short-time Fourier transformation [2, 3, 15]. For discrete
case for function u(i) the following definition can be used

U(f,n) = 32 u(h(n — i)e 72T 0

where h(n) is a time function called a window function. The
spectrum calculated from (1) is a continuous spectrum and
is periodic in frequency f. It depends on the window fun-
ction form and the moment n [2, 3, 13, 15]. In a special and
most simple case the window can be considered as the
rectangular function. And the considerations performed in
the look for changes in such a short-time window. The
approach performed in the paper based on calculating par-
ticular parameters in the window sliding in time along the
signal. The main advantage of this approach is it simplicity
what gives us the direct possibility of diagnostic applica-
tion. These methods were applied so far rather to singular
parameters just to make a simple one-dimensional compari-
son [8, 9, 11]. In this paper the analysis was performed for
more parameters and to consider a problem a multidimen-

sional parameter space was taken into account. The general

schema of proposed algorithm is as follows [5, 10, 11]:

1. Choose the width of the time window.

2. Choose the parameters which will be calculated for each
window position.

3. In a sliding window for the each given window position
calculate the chosen signal parameters.

4. The set of parameter values for the given time moment
represents a point in a multidimensional data space.

5. Sliding the window in time along the whole signal gives
the set of points in the multidimensional parameter
space, which represent the evolution in the parameter
space for successive time moments.

6. The points in multidimensional parameter space can
create some groups which should represent the state of
an engine.

7. The comparison of different signals for different engine
state base on analyzing the clusters in multidimensional
parameter space.

8. Eventually the diagnosis will consist of distinguishing
between different engine states basing on the different
clusters created in the parameter space (comparison of
the cluster centers) (see Fig. 2).

E F

Fig. 2. For the vibration signal (A) the time window is chosen (B) and for
the fragment treated as the short-signal (C) the chosen parameters are
calculated. The set of parameters values calculated for the given time
moment gives the point (vector) in the corresponding parameters space
(D). For longer time interval in the parameter space the set of points is
observed which represents the time evolution for parameter values (E).
Eventually the distribution of points in the parameter space can divide into
clusters which can represent different engine states

As a time moment usually a sampled time is taken into
account. Many kinds of parameters were taken into consid-
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eration: the successive coefficients (lines) of classical Fou-
rier transformation FFT, statistical parameters like median,
higher order moments and others. Of course some of they
can appear not fully sufficient but from classification point
of view the bigger number of parameters gives the higher
dimension of the parameter space what make distinguishing
between different clusters easier.

Having a point distribution in the parameter space some
observation can distinguish between different engine states.
To make the observation objective one can perform a clus-
tering in the parameter space. The clustering is one of the
most important techniques of pattern recognition. Assume
n element data set X. The clustering algorithm finds the
number ¢ (lower than the number of elements n) and divide
the data set X for ¢ subsets, where elements are most simi-
lar to each other [4]. For calculations performed in the pa-
per the classical hard c-means algorithm of clustering was
applied. It can be obtained by optimization of the objective
function in a form [4, 12]

= 2L 2= PiiEy ()

where energy E; is defined as an Euclidean distance Ej; = [x;
- yjl2 = dj between the data point x; and the centroid of
cluster y; and it is assumed that probabilities (membership
values) p; that associates the data point x; to cluster j are

1
Pij = 0

4. Results and discussion

The measurements were performed on two ST44 loco-
motives (number 2045 and 2061). For each signal the set of
eleven parameters were calculated for each time moment:
1 FFT line, 2 FFT line, 3 FFT line, 4 FFT line, 5 FFT line,
mean, moment 2, moment 3, moment 4, moment 5 and
median. This set of eleven parameter values created a point
in the corresponding parameter space.

Finally for all time moments one could observe the set
of points in the parameter space. The evolution in the pa-
rameter space did not create a pattern which could distin-
guish between signals before and after a repair. Rather the
irregular balls of puffs were found [7] (see Fig. 3). There-
fore the only way to distinguish the signals was to recog-
nize in which part of parameter space the point were placed.
And the best parameter here is a center of points calculated
using clustering algorithms.

Then for the set of points it center was calculated using
the clustering algorithm HCM (classical hard c-means algo-
rithm) [4, 12].

First of all the examinations which were taken into ac-
count tried to distinguish the results for signals registered
before and after a repair which should represent the states
of worn out and right working engine. The comparison was
done for some special cases but at the beginning the re-
searches on window size were performed to choose the
width of the time window. The introductory researches on
influence of window width on parameters values (see Table
1) did not show any interesting dependencies. Generally the
values of parameters (especially FFT parameters) grow

if x; € cluster;
if x; € cluster;

3)

while the window width rises. Eventually the window width
was chosen arbitrary taking into account that the window
width should include more than one characteristic periodi-
cal signal components. The eventual value of window width
taken into calculation was 1000 samples. This time corre-
sponds approximately to the rotation period of crankshaft.

Fig. 3. An example view of a pattern created by points in a parameter
space (find out that a dimension parameter space is 9 but at above figure
there are only plot of three chosen parameters what can be visualized)

Values of FFT line represent the number of sample in
frequency domain which corresponds to the given line.
Taking into account that the sample frequency was f =
1004 Hz (approximately 1 kHz) it is easy to calculate the
frequencies of coordinates for FFT calculation depending
on number of samples. But in the approach presented in the
paper the values of successive FFT lines are representing
the successive coordinates in parameter space. Therefore
the results in Hz are not need and the original data will be
using by taking the sample frequency 1 ,,per unit”.

The centers for signals represent wear and good work-
ing engines (before and after a repair) were compared in all
possible data sets:

e A -—all signal,

*  A2045 - signals for locomotive 2045,

* A2061 — signals for locomotive 2061,

* 'V —signals registered in vertical direction,

* V20145 - signals registered in vertical direction for

locomotive 2045,

* V20161 - signals registered in vertical direction for

locomotive 2061,

* H - signals registered in horizontal transversal direction,
» H2045 - signals registered in horizontal transversal

direction for locomotive 2045,

* H2016 - signals registered for horizontal transversal

direction for locomotive 2061.

Generally the relative units are used to describe all axis
of parameter space. The comparison of the different clusters
is performed by calculating the distances between cluster
centers corresponding to the given engine states.
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Table 1. Dependency of cluster center coordinates obtain using HCM algorithm on number of samples in a window (locomotive ST44-2045 after repair)

Number of FFT 1 FFT 2 FFT 3 FFT 4 FFT 5 Mean Mom 2 Mom 3 Mom 4 Mom 5 Median
samples
10 7.5 10.4 11.3 15.6 13.9 0.0 20.3 2.9 1769.1 198.7 0.0
20 9.7 13.0 14.9 15.0 154 0.0 20.8 6.0 1873.9 1011.9 0.0
50 14.2 16.4 21.3 18.9 27.2 0.0 21.1 6.3 1933.4 916.7 0.0
100 19.4 22.2 23.5 25.6 32.8 0.0 21.2 6.2 1951.2 817.3 0.0
200 27.0 30.4 314 30.9 35.3 0.0 21.2 6.2 1959.6 805.9 0.0
500 42.4 48.0 48.5 46.6 48.9 0.0 21.2 6.2 1965.9 798.7 0.0
1000 59.1 66.7 67.1 72.2 68.5 0.0 21.2 6.2 1968.5 802.2 0.0
2000 84.0 92.2 95.8 101.3 92.2 0.0 21.2 6.4 1967.9 848.8 0.0
5000 138.2 134.9 150.8 133.6 153.8 0.0 21.2 6.4 1967.0 841.9 0.0
10000 185.6 216.7 182,5 194.8 233.9 0.0 21.2 6.4 1961.6 726.2 0.0

The Table 2 is showing the distances between the clus-
ter centers corresponding to engine states.

It can be found that the biggest relative distances are for
signals registered in horizontal transversal direction. More
deep analysis is also showing that the comparison should be
performed for signals from the same locomotive.

Table 2. The distances between the data sets for engine working before
and after a repair

Signal data set D

A 817521
A2045 935008
A2061 700295
\4 4429
H 1630642
V2045 6402
V2061 2530
H2045 1863622
H2061 1398172

The last step was to perform a trial of a simple classifi-
cation of an engine state basing on results of clustering in
parameter space.

The classification in practice consists of building a clas-
sifier which can classify new data and can make a decision
about their membership [4, 12, 16]. Taking into account the
results from Table 2 only the data of horizontal measure-
ments were taken into account in a classification. In this
approach first a training set must be created and allocated.
The training set was used just to train a system to distin-
guish between the engine states before and after a repair.
The training set was chosen arbitral taking into considera-
tion a first half of each data set. The applied classification
method was classical linear discriminant function approach
where a plane in a decision space is found to divide of data
space on decision regions, which decide in assigning of an
object to the given class. After a training stage, a testing
stage was performed. On this stage the second subset of
each data set was used to estimate a classification ability of

classifier. The results of the testing stage are presented in
Table 3. The classification states in Table 3 are described as
proper and improper, where proper means the engine work-
ing after the repair (right working engine) and improper
means the engine working before the repair (worn out en-
gine).

The general conclusion can be formulated as follow: the
signals from horizontal measurements can be used to diag-
nosis of engine state making classification of vibroacoustic
signals basing on short tome analysis and clustering in
a parameter space.

5. Conclusion

The short-time analysis was performed to distinguish
between different engine states which correspond to engine
state before and after a repair. Eleven parameters were
selected for each time moment what created the evolution
in a multidimensional parameter space. In this space the
clustering was performed. The obtained results seem quite
promising. However, taking into account the great com-
plexity and variety of possible measurement schemes it
must be noted that the presented experiments can be treated
only as the introductory stage of the research. We have used
only signal examples taken from two locomotives. The set
of using parameters seems reasonable but of course there is
possibility of choosing higher number of them or taking
another type of parameters. Calculated in sliding window
parameters values give us the points whose coordinates
evolve in the parameter space. After calculating of cluster
centers the comparison is done by finding distances be-
tween the given cluster centers. Observing the parameter
space we can find the massive center and some outside
traces that can be treated as the improper behavior of an
engine. The next and the last was a classification. The re-
sults of classification are not perfect but they are showing.
The next step of analysis will be performing a classification
with using of Support Vector Machine SVM method [1, 16]
which seems quite effective in similar problems [10].

Table 5. The result of classification for data sets H — signals registered in horizontal transversal direction, H2045 — signals registered in horizontal trans-
versal direction for locomotive 204 and H2016 — signals registered for horizontal transversal direction for locomotive 2061

H H2045 H2016
Percentage of classification as a Percentage of classification as a Percentage of classification as a
Proper Improper Proper Improper Proper Improper
Proper (after the repair) 69% 31% 79% 21% 85% 15%
Improper (before the repair) 75% 25% 83% 17% 93% 7%
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The future researches need to perform an experiments

on bigger set of data what usually increase an expenses of

researches.
It seems also that there are the significant differences
for the data taken from different locomotives. This shows

that t

o classify and real diagnosis using vibroacoustic signal

analysis all measurement must be taken from the same
locomotive and for the same installation of injector and
accelerometers also.

Nomenclature
A all signals H2061 signals registered for horizontal transversal direc-
A2045 signals for locomotive 2045 tion for locomotive 2061
A2061 signals for locomotive 2061 OBD  on-board diagnostic system
FFT Fast Fourier Transformation v signals registered in vertical direction
H signals registered in horizontal transversal direction V2045 signals registered in vertical direction for locomo-
H2045 signals registered in horizontal transversal direc- tive 2045
tion for locomotive 2045 V2061 signals registered in vertical direction for locomo-
tive 2061
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Representativeness of emissions of toxic substances in bench tests
reflecting the road traffic conditions of a vehicle

The results of measurements of exhaust emissions in real road traffic differ significantly from the results of stationary homologation
tests. One of the solutions, helpful in determining the actual emission, is the creation of stationary exhaust emission tests simulating the
use of the vehicle on the road. The article presents the method of reconstructing the synthetic driving test obtained on the basis of road
tests and presents the obtained profile of the speed course. The authors discussed the reasonableness of selecting the emission
component determining the correctness of the representativity of the stationary test obtained, which determines the amount of work done

by the engine.

Key words: driving cycle, road tests, emission of toxic substances, chassis dynamometer, synthesis of road tests

1. Introduction

Research on the ecological properties of automotive
combustion engines is carried out at almost every stage of the
life cycle of vehicles. The research is carried out in the de-
velopment phase of the engine concept (basic cognitive re-
search), in the design phase (during prototype tests), in the
production phase (during quality control), in the admission
stage (approval tests) and in the operation phase (diagnostic
tests). The purpose of all these tests is to determine the emis-
sion of pollutants in the engine's exhaust gas under given
conditions. This goal is carried out in dynamometer tests in
which different engine operation conditions are reproduced
[3]. Due to the discrepancy of emissions in real traffic condi-
tions with emissions resulting from stationary (eg homologa-
tion) tests, it seems reasonable to prepare test conditions
imitating the real road conditions in the best way [9, 10].

2. Explanation of the issue

Research to date on the subject of representativeness of
bench tests relative to road conditions needs to be clarified
and explained. Simulating traffic conditions during station-
ary tests on a chassis dynamometer is a difficult task due to
numerous random factors. Currently used chassis dyna-
mometer tests are perfectly suited for comparative tests
aimed at determining the emission values of particular
exhaust components during strictly defined engine operat-
ing conditions. However, these are not tests that precisely
represent real traffic conditions, but rather some kind of
patterns for emission tests [6]. It would be necessary to
create a bench test, which would be based on the measured
operating parameters of the representative group of vehicles
in real traffic and additionally introduce a random factor
during the test construction. This factor, however, cannot
lead to complete randomness of the test [1].

3. Description of the measurements

Taking into account the above assumptions, a series of
measurements was carried out on a test vehicle on a desig-
nated measurement route. During the registration of vehicle
performance parameters, the emission of toxic substances
from its exhaust system was also measured using a PEMS
mobile analyzer. The results of emission measurements
were later used to verify the level of representativeness of
the designed test.

3.1. The object of research

The test object was the Ford Focus Flexifuel spark-
ignition vehicle shown in Figure 1, produced in 2008. Tech-
nical data of the car can be found in Table 1.

Table 1. Technical data of the test car

Name Data

Make Ford

Type Focus

Power 92 kW

Engine stroke volume 1798 cm®

Location and number of cylinders In-line, 4

Emission level Euro 4

Transmission Manual (five forward gears,
one reverse gear)

Fig. 1. Ford Focus car on the test bench

3.2. Measuring equipment

The benchmark emission tests were carried out on a 2-
roller chassis dynamometer 2PT220EX type, manufactured
by Jaro$ with two rollers with a diameter of 372 mm, with
electric simulation of motion resistance and mechanical sim-
ulation of inertia placed in the low temperature chamber.
This dynamometer allows the examination of vehicles (also
at ambient temperature up to —14°C) with the following
parameters:
— maximum net power on wheels up to 220 kW,
— maximum speed of 130/200 km/h,
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— pressure on the drive axle up to 2400 kg,

— drive for one axle or more than one axis with the possi-
bility of disconnecting the drive,

— maximum wheelbase of the drive axle: 2100 mm,

— maximum vehicle height 2900 mm, maximum distance
of the rear drive axle from the front of the car 5000 mm.
Emission measurements were made using a set of AMA

160 AVL analyzers. The following pollutants were measured:

— carbon monoxide (low concentrations) (COyy),

— carbon monoxide (high concentrations) (COy;g),

— carbon dioxide (CO,),

— hydrocarbon totals (THC),

— methane (CH,),

— nitrogen oxides (NOy), nitric oxide (NO) and nitrogen
dioxide (NO,), nitrous oxide (N,O).

Fig. 2. A set of AMA i60 measuring devices

The Semtech DS analyzer with the GPS module from
Sensors Inc. (Fig. 2) was used for measurements and regis-
tration of harmful gaseous exhaust gas compounds. It was a
PEMS type analyzer that allows measuring the mass flow
of exhaust gases and the concentration of harmful com-
pounds such as: carbon dioxide (CO,), carbon monoxide
(CO), hydrocarbons (HC) and nitrogen oxides (NOy).

Fig. 3. The SEMTECH DS mobile analyzer used in the Ford Focus Flexi-
fuel vehicle tests

3.3. Speed registration and mapping

Figure 3 shows an exemplary fragment of the speed
course registered in the real road traffic measurements,
while Fig. 4 shows a fragment of the speed course of the
discussed artificial test, obtained as a result of treating the
input data with a specially prepared calculation algorithm
[8]. The obtained test is characterized by a representative

level of toxic substances emission and fuel consumption as
well as the amount of work done by the vehicle's engine
during the test.

Fig. 4. Selected fragment of the speed course registered in road measure-
ments

Fig. 5. Selected fragment of the speed course registered in stationary
measurements

4. Findings

In order to verify the correctness of the assumptions and
the correctness of the construction of the based on road
measurements stationary test itself, it was necessary to
compare the emission values of individual exhaust compo-
nents. It turned out that the type of measurement equipment
used had a significant influence on the obtained results. In
the case of hydrocarbons measurement, in road tests the
analyzer operating on the principle of using infrared IR
built into the mobile measuring device was used, relatively
inaccurate in the case of carbon particle emission measure-
ment, due to the registration of the flow of only part of
hydrocarbon compounds. However, in the case of laborato-
ry tests, an FID analyzer was used, which shows high accu-
racy of measurement, recording real and reliable values of
carbon emissions. As a result, the recorded road values of
the hydrocarbon emission intensity were proportionally
lower than the values recorded in the laboratory tests.

Another difference between road and bench tests was
the emission intensity values when the engine was idling.
They resulted from the method of flue gases flow meter
measurement using a Pitot tube, which explains the phe-
nomenon of oscillating emission intensity (also to zero
values), because the emission values are the smallest when
the vehicle is stationary, and Pitot tube is characterized by
the smallest accuracy at small flows [5, 7].

Finally, it was decided to use the results of measuring the
intensity of carbon dioxide emission as a constituent of ex-
haust, which best describes the level of representativeness of
the designed test relative to road tests. The amount of carbon
dioxide emitted is proportional to the amount of fuel con-
sumed in the tests and, as a result, proportional to the work
done by the engine.

For a more reliable confirmation of the representative-
ness and repeatability of the results, the Mann-Whitney
statistical significance test was carried out. He showed that
at the significance level of 0.05 there are no grounds to
reject the hypothesis about the lack of significant differ-
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ences between the results of individual tests [4]. This is the
key information that authorizes us to accept the hypothesis
about the compatibility and repeatability of the tests per-
formed for the most important exhaust component.

Fig. 6. Fuel consumption and carbon dioxide emissions

In order to more reliably confirm the representativeness
of the obtained tests, during the tests mass measurement of

fuel consumption was performed during stationary tests
both in the designed tests and in the test reproduced directly
according to registered vehicle speeds in road ones.

Figure 6 shows the fuel consumption in subsequent tests
performed on the chassis dynamometer and the carbon
dioxide emission values in these tests. A significant correla-
tion of the obtained results can be observed, which proves
the high repeatability of the conducted tests on the chassis
dynamometer.

5. Conclusion

Based on the analysis of carbon dioxide emissions, there
was significant compatibility between road and stationary
tests. The results of synthetic tests differed by no more than
2.5% compared to road tests. They confirm significant
correctness of the mapping. Since the discrepancy was
much greater for the other components, it can safely be said
that of all exhaust components of the exhaust system, car-
bon dioxide is the best component to determine the compa-
rability of the tests obtained [2].

Nomenclature

CH; Methane

CO  Carbon monoxide

CO, Carbon dioxide

COpjgn Carbon monoxide (high concentration)
COy, Carbon monoxide (low concentration)

FID Flame Ionization Detector
IR Infra Red

N,O Nitrogen dioxide
NO Nitric oxide
NO, Nitrogen dioxide
NO, Nitrogen oxides

PEMS Portable Emissions Measurement System
THC Hydrocarbons
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The application of isodromic equation for calculation of PID-controller
integrated component

A functional feature of the application of electronics used for the automatic control of internal combustion engines is necessity in the
proportional conversion of ECU electrical signals into the mechanical processes based on corresponding elements motion. For such
conversion of information actuating mechanisms are used, referred as actuators. Actuators in the form of electrical machines (stepper or
precision electric motors) or electric apparatuses (electromagnets and solenoids) are the mostly widespread in ICE. As a physical object
of the research, the unit of Heinzmann, model StG 6-02V that is based on a DC electric drive controlled by a pulse-width modulation
signal, was selected in the current work. It has a toothed gearbox and a non-contact reverse positional connection. This actuator pro-
vides an output torque of 6 Nm and 36-degree range of output shaft rotational angle. The functional scheme of the electronic system of
automatic control of a diesel engine based on mentioned device is developed. The PID regulator with feedback is used to control the
actuator. A design formula that can be incorporated in the controller algorithm to calculate the integral component of the PID regulator
was also obtained. Values of empirical coefficients were determined in this formula. The results of experimental confirmation of the
correctness of the approach taken are presented. Thus, the new formula for determining the integral component of the PID regulator
differs positively from the well-known solutions because the new approach is free from storing the whole array of previous data with
discrepancy in the controller’s RAM, that simplifies the application of the developed algorithm greatly and speeds up the computational
capability of the controller.

Key words: diesel, automatic regulation, electronic system, control algorithm, PID regulator

1. Introduction

A functional feature of the application of electronics in
internal combustion engines for their automatic control is
the necessity of the proportional transformation of electrical
signals of the electronic control unit into the mechanical
processes of moving the corresponding elements. For such
information transformation, so-called final controlling drive
(FCD) also known as actuators, are used [1].

FCD (actuators) became the most widespread in ICE.
These are electric machines (step or precision electric mo-
tors) or electric apparatuses (electromagnets and solenoids)
of different kinds.

As a physical object, the actuator Heinzmann, model
StG 6-02V was used in the current research. This model is
based on a DC motor drive controlled by a Pulse-Width
Modulation (PWM) signal.

It has a toothed gearbox and a non-contact reverse posi-
tional connection. This actuator provides an output torque of
6 Nm and a range for output shaft rotation angle of 36° [2].

The functional scheme of the developed electronic sys-
tem of the diesel engine automatic control (DEAC) is pre-
sented in Fig. 1. The external and internal variables of
DEAC are: X — current position of the engine control unit,
n — current crankshaft rotation speed, Hp — position of the
fuel supply control element (high pressure fuel pump
(HPFP) rail position), f — the relative magnitude of the
PWM signal. The FCD governor is a part of the ECU en-
gine program. Detailed description of the algorithm of
operation of the subsystem developed for the control of the
drive positioning is given in the article [3].

Fig. 1. Functional diagram of the electronic control system of a diesel engine [3]

COMBUSTION ENGINES, 2019, 177(2)

91



The application of isodromic equation for calculation of PID-controller integrated component

2. Theoretical study

2.1. A brief description of the algorithm

Taking into account the availability of a reverse posi-
tional feedback due to the current HPFP position, the value
of "discrepancy"” could be calculated:

AHp = Hp - Hpy )

The developed FCD algorithm is based on the parallel
work of positional (P) and proportional-integral-derivative
(PID) controllers (see Fig. 1).

In this case, the P-controller is a non-inertial amplifier
that determines the required level of filling the PWM signal
to achieve a given equilibrium position of the rails Hpy. Its
equation has a form:

f() = K . Hp() (2)

PID-controller operates in parallel to P-controller and
on the basis of the magnitude of the discrepancy, deter-
mined by the formula (1), accelerates the achievement of
a given position of Hp, by means of the program realization
of the expression:

Af=Kp -A*Hp + Kp -AHp + K| -S 3)

Thus, PWM signal that is sent to the executive mecha-
nism has the following meaning:

f=1f, +Af “

By analyzing equations (2) and (3), it is not difficult to
notice that the first of them provides the static characteris-
tics, and the second determines the dynamic properties of
the system.

The differential component in expression (3) is defined
as:

A’Hp = AHp(t) — AHp(t — T) 6)

where T = 120/n — clock design period, which depends on
the current crankshaft speed n and determines the time
constant for integration and differentiation.

2.2. An alternative definition of the integral component

The third component in the equation (3) Ky - S defines
the integral feedback effect on the PWM control. It is the
product of some constant K; to the finite sum of the dis-
crepancy S.

For the mathematical determination of the current S(t)
value, the differential equation of the ideal integral link
with the transfer coefficient equal to 1 can be used (or it can
be regarded as the coefficient Ky) [4]:

S'(®)
dt

which connects input and output signals: Hp(t) and S'(t)
accordingly.

The numerical solution of this differential equation can
be represented in the form of a finite sum, provided that the
periodicity of the registration of the irregularity and the
limitation of the time (number) of the last irregular registra-
tions is constant

S'(t) = X5 AHp(t — iT) (6)

= AHp(t)

here N is number of terms in the final sum (the number of
recent registrations).

For the simplification of the constant values condition in
discrepancy, during all integration time it is accepted AHp(t)
=AHp (t—iT)=... = AHp (t — NT) = const.

Then the limit of this sum will be equal:

limey.r S’ () = lim;_n[XNo! AHp(t —iT)] = N- AHp(t)  (7)

Equation (6) is an algorithmic-calculated and can be
used to determine the third component in equation (3). But
its significant disadvantage for practical use in the algo-
rithm is that for calculations it is necessary to have an array
of the last N values of the discrepancy, which additionally
overloads the controller RAM and reduces processor speed.
An alternative approach to defining an integral component
in the algorithm of the electronic PID controller is proposed
in this study to eliminate this disadvantage.

To determine the same sum for the integral component
S(t), the differential equation of the isodromic link is used

[4]:

s® _ o dAHp(t)
=K AHp(t) + k, ~

The coefficients k and k; in the differential equation
have the following physical meaning: k — the transmission
factor (amplification), and k;/k = T; — time constants of the
isodrome [4].

After integrating this differential equation, an expres-
sion is obtained (the integral action is replaced by the action
of the final summation):

S(t) = kz AHp(t) + k; AHp(t)

Taking into account the recurrence S'(t) = 2.5 AHp(t) =
S'(t—T) + AHp(t) and proceeding from the fact that at
each moment of time the following condition must be ful-
filled S(t) = S'(t), and after a simple transformation and
designation K; = k; + k the expression could be written as:

S(t)=k- S(t-T)+ K;- AHp(t) )

The resulting equation (8) is a design formula and can
be included in the controller algorithm instead of equation
(6). Moreover, it devoids the deficiencies of equation (6)
because it does not contain the action of the final summa-
tion and does not require constant storage of the array of the
last discrepancy values. However, equation (8) has uncer-
tain coefficients in the form of coefficients K; and k.

2.3. Determination of the key coefficients

Determination of the values of constants K; and k is
based on the statement that the boundary of the sum found
by equation (6) and equation (8) must coincide. For this
condition, the equation (8) must be transformed into the
form of an infinite integral sum:

S(t) = K XiZ,[k' - AHp(t — iT)] ®

The expression (9) is identical to equation (8), but more
complex in practical use. However, the analysis of this
equation shows that the coefficient K; can be attributed to
the coefficient K;. Thus, it was established that K; = 1.
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The limit of the sum received by (9) atk < 1:

lim S(t) = lim (KIZ[ki . AHp(t — iT)]) -

t—o0
i=0
n

S

i=0

Here factors K; = 1 and AHp(t — iT) = AHp(t) — are the
constants that can be taken as a boundary sign. From the
condition of equality of sum of limits lim,y.rS'(t) =
lim_, S(t), determined by the “integral” (6) and “isodrom-
ic” (8) methods, it can be written:

= AHp(t) - li
p(t) lim Tk

1
N - AHp(t) = AHp(t) P

Hence, the value of the coefficient k in the form of a
function from N:

k=1-=
N

Possible values of the isodromic coefficient k in the re-
stricted interval N = 2 ... 100 are graphically represented in
Fig. 2.

Fig. 2. Possible values of the isodromic coefficient k

It should be noted that the nomogram presented in Fig.
2 is used only for the previous choice of the constant coef-
ficients values. The final value, undoubtedly, is determined
in the process of PID-controller adjustment and taking into
account the physical properties of the control system in
general and the executive mechanism characteristics in
particular.

3. Experimental validation

The results of experimental confirmation of the theoret-
ical foundations are presented in Fig. 3 and Fig. 4. The
experiment was carried out using the experimental setup
described in [5]. During the experiment the microcontroller
program determined the value of the isodromic coefficient
ask=0.9 (N =10).

Figure 3 shows the transient process, which is the reac-
tion of the system (Fig. 1) on the external effect in the form

of an artificial sharp change in the Hp, setting (AHp dis-
crepancy) by 50% of the initial value. As it can be seen
from Fig. 3, the law of the push F change (torque on the
output lever of the actuator) using the proposed “isodro-
mic” method qualitatively differs from the use of the tradi-
tional “integral” method - it passes faster at the beginning
of the transient process and more smoothly at its end.

F, Nm
4Hp, %

1, sec
Fig. 3. Discrepancy AHp (....) and push F on the output lever: — “inte-

gral” method; - - - “isodromic” method

Additionally it can be illustrated by the rate of change in
push during transient process, which in physical sense is the
derivative of dF/dt that is shown in Fig. 4. It can be also
seen from the chart that in the case of “isodromic” method,
the transient process is finished for 1.5 seconds earlier and
has no overregulation. It has, undoubtedly, a positive im-
pact on increasing the stability and operation speed of the
entire automatic control system.

s
= I
= |
_:S‘ =
|
S o
= L
| |
| |
| | |
L L L
| | | |
t t I t
0 0.5 1 1.5 2 2.5 3 3.5 4 4.5
1, sec
Fig. 4. Rate of the push change at the output lever: —— “integral” method;

- - - “isodromic” method

4. Conclusions
Thus, in the current research the new equation was of-

fered for determining the integral component of the PID-
controller. It is beneficially different from the traditional
algorithm by “integral” method because there is no need to
store the array of previous data in the memory of the con-
troller that would significantly simplify the application of
algorithm and speeds up the computational capability of the
controller.

In addition, such an innovation in the actuator control
methods would increase its maximum effort on the input
lever by 50% and allow to accelerate the transient process
for 1.5 seconds.
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Nomenclature

PWM  Pulse-Width Modulation FCD final controlling drive

PID Proportional-Integral-Derivative DEAC diesel engine automatic control
ECU electronic control unit HPFP  high pressure fuel pump

P positional
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Effects of water injection to the fuel and air mixture on equilibrium gas
composition in combustion products and selected parameters
of the theoretical Otto cycle

Moisturizing the intake air by spraying water in the liquid phase significantly lowers the intake air temperature, mainly due to the
high value of latent heat of evaporation. The paper presents a methodology for calculating the parameters of the air-fuel mixture after
water injection and during subsequent processes of the Otto cycle: compression, combustion and expansion of exhaust gases. For octane
as a fuel, exemplary calculations have been carried out to investigate the effect of water injection on the composition of combustion

products and selected parameters of the theoretical Otto cycle (temperature, pressure, output power and thermal efficiency).

Key words: intake air humidification, water injection, Otto cycle, equilibrium

1. Introduction

Current and future limits of CO, emissions and the need
to limit the use of non-renewable fuels are an important
impulse for directing research interests towards new solu-
tions. With regard to combustion engines (reciprocating
internal combustion engines), the amount of CO, emitted
by engines depends directly on the fuel consumption. Re-
search in this field is aimed at both reducing passive re-
sistance and at increasing the efficiency of engines operat-
ing at stoichiometric composition of the fuel — air mixture
in a wide range of parameters (rotational speed and load).
Increasing the thermal efficiency of spark-ignition engines
operating in accordance with the Otto cycle is associated
with an increased the compression ratio. However, increas-
ing the compression ratio increases the combustion temper-
ature, which in turn leads to an increase in NO, emissions.
Combustion techniques are therefore considered at lower
temperatures to reduce emissions. Currently, the most
commonly used method of reducing the temperature of the
mixture is intercooling and so-called cold exhaust gas recir-
culation (cooled EGR). However, the structure of the so-
called cold EGR is complex and must be precisely con-
trolled. The issue is particularly important in the downsiz-
ing technique of boosted engines with high thermal loads
and an increased tendency to knock.

The technique of water injection into the cylinder makes
it possible to significantly reduce the combustion tempera-
ture [2]. Injection of water to achieve this goal is not a new
concept. It was used for the first time in aviation engines
during World War II, primarily to reduce knocking com-
bustion. Unlike EGR, the water injection system can not
completely replace the intercooler, but it significantly re-
duces the temperature of the air-fuel mixture. The effec-
tiveness of cooling the fuel-air mixture by injecting liquid
water into it results from two reasons. Liquid water is dis-
tinguished by a high value of the latent heat of vaporization,
which is 2257 kJ/kg at the evaporation pressure of 1 bar. It
is about 7 times higher than the heat of evaporation for
octane and about 5.6 times higher than the heat of evapora-
tion for Gasoline RON95 [4]. During the evaporation of
drops of water (water mist) the heat, necessary for this
process, is collected from the surrounding gases, which

reduces their temperature. The vapor formed after evapora-
tion is mixed with the air-fuel mixture, the specific heat of
the resulting gas mixture increases and the adiabatic index
in the adiabatic compression decreases. The result is that
when compressing the air-fuel mixture containing water
vapor, lower temperatures will occur.

There are two water injection systems for the engine: in-
jection of water to the inlet channel (Port Water Injection
PWI) and injection of water to the cylinder (Direct Water
Injection DWI) [4]. Most research works refer to the PWI
system because it is cheaper and easier to use. The ad-
vantage of water injection to the intake manifold is also the
fact that the injected water has a longer time for evapora-
tion, which protects against the inflow of unresolved water
to the cylinder which can destroy the oil film of the cylinder
liner causing mechanical damage to the engine. The system
DWI consists in the injection of water directly into the
cylinder in the compression process (compression stroke) to
achieve the greatest cooling effect and excluding the for-
mation of water liquid film on combustion chamber walls.
The injection of water into the cylinder in this system oc-
curs at a later stage of the compression stroke, when the
compressed charge has a correspondingly high temperature.
This system is more complex, requires thorough design
changes in the engine head and in operation requires the use
of higher pressures and precise control.

The subject of the work is a theoretical analysis of the
Otto cycle in which air supplied to the cylinder is humidi-
fied in the intake manifold by water injection (PWI).
The mass of the water injected per cycle is expressed by the
parameter s, defined as the ratio between the injected liquid
water mass m,, and the stoichiometric fuel mass mgyg;, for
a given mass of dry air:

My
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The typical range of parameter s variations in practical
applications given in the literature [4] is 20% to 40% which
corresponds to a mass fraction of injected water equal ap-
proximately to 6% of the total trapped mass per cycle. The
maximum value of the parameter s must be selected so
precisely that the injected water in the intake manifold can
evaporate. Otherwise, getting into the cylinder in excess, in
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the form of drops, liquid water can damage the oil film on
the cylinder liner causing the risk of engine seizure. At the
beginning should therefore be determined limit value sy,
which will depend on the parameters of the humidified air.

2. Intake air humidification

The air sucked in by the engine can enter the intake
manifold directly from the environment or in turbocharged
engines is pre-compressed by the compressor and pre-
cooled in the intercooler. In the injection system of water to
the intake manifold, the spraying of water in the collector is
provided by a water injector located at the beginning of the
inlet channel [3]. Sprayed into very fine drops, the water
evaporates, moisturizes and simultaneously cools the flow-
ing air. It is assumed that in the intake manifold near the
intake valve there is a fuel injector that creates a fuel-air
mixture supplied to the cylinder. Schematic arrangement of
components of the intake system is shown in Fig.1.

P ot

%%_ — |t
P g

Fig. 1. Engine layout with water injector: 1 — turbocharger, 2 — intercooler,

3 — intake duct, 4 — exhaust duct, 5 — engine bloc, 6 — water injector, 7 —

fuel injector; indices for parameters: a — ambient, A — before water inject-
tion, m — after water injection, M — after fuel injection

It is assumed that ambient air parameters: temperature
ta, pressure p, and relative humidity ¢, are known.

The amount of water vapour in the combustion air can
be specified in various ways. However, the simplest way is
to specify the mass of water vapour present in a unit of dry
air. This is called specific humidity and is denoted as X and
is expressed in kg of water vapour per kg of dry air since

X=—1 —_ Wi _genB (3

p
Mqry air Mdry air Ndry air P—bv

where M, and Mg,y ;r are the molar masses of water and dry
air, respectively whilst n, and nyyy i Stand for the number of
moles of water vapour and dry air, respectively, py is partial
pressure of water vapour, p is total pressure. In calculations
it is more convenient to use a molar specific humidity,
denoted as Xz and is expressed in kmol of water vapour per
kmol of dry air since

X, = Ny — Pv — @aps(Ta) (3)
Ndry air Pa—Pv Pa—®aPs(Ta)

where py(T) is the saturation pressure of water vapour at the
given temperature T, n, is the kmol of water vapour con-
tained in the air, Ny . 1S the kmol of dry air.

The air after passing through the compressor and inter-
cooler has known parameters (temperature T, pressure pa)
at the inflow to the inlet channel. The specific humidity of
the air after passing through the compressor and cooler does
not change X, = X,, and Xz, = Xza = Xz.

The energy balance sheet diagram for the air humidifi-
cation process is shown in Fig. 2.

Liquid water

/ Hw; ty

4

H, Hy

Humid Air in

air

Fig. 2. Illustration of an energy balance for air humidification

The balance is referred to 1 kmole of dry air. It is as-
sumed that the air humidification process in the collector is
isobaric and takes place without supplying heat from the
outside. After omitting macro kinetic and potential energies
of flowing fluids, the energy balance is expressed by the
equation:

H, +H,, = H, 4
where enthalpies
Hy = 0.79(Mh)y,(Ty) + 0.21(Mh) g, (Ty) +
+Xz(Mh) 1120 (Ta) &)
Hy =ny,(Mh)y(Ty), (Mh),, = (Mh)y,o — (Mr)y, (6,7)
H,, = 0.79(Mh)y,(Ty) + 0.21(Mh) g, (Ty,) +
+(ny, +Xz) (Mh)20(Ty) (8)

and Mh)no(T), Mh)ox(T), (Mh)gpo(T) means specific en-
thalpies (mole basis) of nitrogen, oxygen and water vapour
respectively at temperature T, (Mh),, is specific enthalpy
(mole basis) of liquid water, (Mr)yo is the enthalpy of
vaporization of water, n,, is the mass (in kmol) of injected
liquid water and T\, is the temperature of the injected liquid
water. The energy balance equation is valid provided that
the injected water evaporates completely, which means that
the partial pressure of water vapor pyyo after humidification
satisfies the condition:
nyw+Xz

Puz2o0 = - Pa < Ps(Tm) 9

1+ny +Xz

Water injection reduced the temperature of the resulting
mixture so while also lowers the saturation pressure of
water vapor which is contained in the mixture. It is there-
fore possible to determine on the basis of calculations the
acceptable amount of injected water so that it can evaporate
completely. This value will depend on the air parameters
before moisturizing and on the temperature of the water
being injected.

For example, for octane (CgHj;) as a fuel, the maximum
value of parameter s has been determined, at which it is still
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possible to completely evaporate the injected water. Figure
3 shows the dependence of the maximum value of parame-
ter Smax on the temperature T, of air flowing into the intake
manifold and on ambient air parameters: pressure p,, tem-
perature t, and relative humidity ¢,.

t,=20°C, p,=1bar

— 0.=0%
— $,=20%
— §,=40%
— $,=60%
— ¢,=80%
— ¢,=100%

0 T T T T \

I
20 30 40 50 60 70 80
Temperature t 5 [°C]

Fig. 3. The dependence of sy.x on the temperature T, at the inlet to the
collector and the ambient air parameters t,, pa, ¢

Figure 4 shows the drop in air temperature after water
injection in the amount resulting from the value of sy,
depending on the air temperature at the intake manifold
inlet T4 and ambient air parameters.

60
ﬂE )
‘::( 50
= t,=20°C, p,=1bar
o
S 40
o
5
<
o 30 o,
CEL | — $,=0%
2 — $,=20%
20+ — ,=40%
e — ,=60%
10 — $,=80%
] — ¢,=100%
0 \ \ \ \ \ \

20 30 40 50 60 70 80
Temperature t 5 [°C]

Fig. 4. Decreasing the air temperature in the intake manifold T s-Ty, after
the water injection

Figures 3 and 4 show that at a lower air temperature T,
before humidification and at higher relative humidity ¢, in
the environment, the amount of water that can be evapo-
rated in the collector is reduced. The drop of the humidified
air temperature is also reduced.

3. Calculation of the exhaust composition

It is assumed that the exhaust gases in the engine result-
ing from the combustion of fuel in the humid air have an
equilibrium composition. The methodology for determining

the equilibrium composition of exhaust gases was the sub-
ject of many works [6, 8].

In [8] the chemical equilibrium of fuel combustion
products with the chemical formula CqHgON5 in wet air
was analyzed assuming the presence of exhaust gas recircu-
lation. It has been presented in detail the methodology of
calculation of the equilibrium composition of the exhaust
gases which included ten components: 1 — CO,, 2 — H,O,
3-N;,4-0,,5-C0O,6-H,,7-H,8-0,9-0H, 10 -
NO, depending on the equivalence ratio @ (which is the
reverse of the excess air ratio A) and thermal parameters of
temperature and pressure.

When combustion takes place in air with a known mois-
ture content and provided denotation of components, the
chemical reaction with respect to one kmole of dry air is
expressed by the equation:

v,® CqHgON; + 0.21 05+ 0.79 N, +n,, + Xz =
=V C02+V2H20+V3N2+V402+V5CO+V6H2+
V7H+VSO+V90H+V10NO (10)

In this formula, v, is the number of kmol of fuel refer-
enced to one kmol of dry air for stoichiometric combustion;
vp = 0.21/(a + 0,258 — 0,5y); @ is the equivalence ratio;
ny is the mass of injected liquid water (in kmol) referred to
1 kmole of dry air.

In the combustion process, mass balances for individual
elements must be met, which leads to the dependencies:

— for the carbon balance: LC = v,®a = v, + vs,
— for the hydrogen balance: LH = v,®B + 2n,, + 2X =

= 2V2 + 2V6 + V7 + Vo,

— for oxygen balance: LO = v, @y + 0.42 + n, + Xz =2v, +

+ Vot 2v4 + Vs + Vg + Vo + vy,

— for the nitrogen balance: LN = v,®5 + 1.58 = 2v3 + vy,.

The equilibrium composition of the exhaust gas can be
determined additionally using the data of equilibrium con-
stants of formation of six exhaust gas components. A de-
tailed methodology for calculating the exhaust gas compo-
sition is presented in [6, 8].

4. Thermochemical data for calculations

Knowledge of the exhaust gas composition is essential
for the calculation of thermodynamic functions: internal
energy, enthalpy, entropy. The change of thermal parame-
ters of temperature and pressure during expansion stroke
also causes a change in the composition of exhaust gases,
which should be taken into account when mass and energy
balancing of combustion processes are considered.

For computer calculations of thermodynamic functions
for exhaust gases (e.g. specific heat at constant pressure
Mg, specific enthalpy Mh), polynomial approximations of
data [1, 6] are used. Thermochemical tables JANAF [5] are
considered to be a very reliable source of data. The numerical
values of thermodynamic functions given in them enable
their polynomial approximations as a function of tempera-
ture. In general, to increase the accuracy of calculations, the
approximation of the fourth order polynomial for specific
heat (Mc,) and the Sth order polynomial for specific enthal-
py (Mh) was applied in two sub-ranges: 300 K-1000 K and
1000 K-5000 K.
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Table 1. Coefficients of the approximation functions for specific heat at constant pressure (Mc,) and standard state enthalpy (Mh) for gas components

Component Range T al a2 a3 a4 as a6

1000-5000 |4.45362300E+00| 3.14016800E-03 |-1.27841050E-06 | 2.39399600E-10 |-1.66907766E-14 | —4.8964031649E+04
€0 300-1000  [2.27572400E+00| 9.92207200E-03 |-1.04091130E-05 | 6.86668600E-09 |-2.11727956E—-12| —4.8370220993E+04
1000-5000 |2.67214500E+00| 3.05629300E-03 |-8.73026000E-07 | 1.20099640E-10 [-6.39112900E-15 | -2.9896941613E+04
o 300-1000  [3.38684200E+00| 3.47498200E-03 |-6.35469600E-06 | 6.96858100E-09 |-2.50658849E—-12| —3.0205840648E+04
1000-5000  |2.92664000E+00| 1.48797680E-03 |-5.68476000E-07 | 1.00970380E-10 |—6.75406550E-15 | -9.2296876792E+02

N 300-1000  [3.29867700E+00| 1.40824040E-03 |-3.96322200E-06 | 5.64151500E-09 |-2.44485329E-12| —1.0210718780E+03
1000-5000 |3.69757800E+00| 6.13519700E-04 |-1.25884200E-07 | 1.77528100E-11 |-1.13730755E-15| —1.2338285229E+03

©: 300-1000  [3.21293600E+00| 1.12748640E-03 |-5.75615000E-07 | 1.31387730E-09 |-8.76855698E-13 | —1.0051470506E+03
1000-5000 |3.02507800E+00| 1.44268850E-03 |-5.63082700E-07 | 1.01858130E-10 [-6.91149050E-15 | —1.4266701882E+04
o 300-1000  [3.26245100E+00| 1.51194090E-03 |-3.88175500E-06 | 5.58194400E-09 |-2.47495046E—-12| —1.4308890656E+04
1000-5000  |2.99142300E+00| 7.00064400E-04 |-5.63382800E-08 |-9.23157801E-12| 1.57275135E-15 | —8.2613824429E+02

Hz 300-1000  [3.29812400E+00| 8.24944100E-04 |-8.14301500E-07 | 9.47541505E-11 | 2.23969543E~-13 | —1.0131004781E+03
1000-5000  |2.50000000E+00| 0.00000000E+00 | 0.00000000E+00 | 0.00000000E+00 | 0.00000000E+00 | 2.5474035858E+04

f 300-1000  [2.50000000E+00| 0.00000000E+00 | 0.00000000E+00 | 0.00000000E+00 | 0.00000000E+00 | 2.5474035858E+04
1000-5000  |2.54205900E+00| —2.75506100E-05 |-3.10280300E-09 | 4.55106700E-12 |-4.36805100E-16 | 2.9227890256E+04

° 300-1000  [2.94642800E+00| —1.63816650E-03 | 2.42103100E-06 |-1.60284310E-09 | 3.89069600E-13 | 2.9144731860E+04
1000-5000  |2.88273000E+00| 1.01397430E-03 |-2.27687700E-07 | 2.17468300E-11 [-5.12630500E-16 | 3.8870046299E+03

ot 300-1000  [3.63726600E+00| 1.85091000E-04 |-1.67616460E-06 | 2.38720200E-09 |-8.43144200E-13| 3.6068984347E+03
1000-5000  |3.24543500E+00| 1.26913830E-03 |-5.01589000E-07 | 9.16928300E-11 [-6.27575887E-15| 9.8000694105E+03

NO 300-1000  [3.37654100E+00| 1.25306340E-03 |-3.30275000E-06 | 5.21781000E-09 |-2.44626304E-12| 9.8171893575E+03

(Mep) =al+a2*T+a3*T> +a4* T’ +a5*T* M) _ al*T+£*T2 +a—3*T3 +ﬂ*T4 +é*T5 +a6
(MR) (MR) 2 3 4 5

(MR) =8.3144126 kJ/kmolK ; T [K] ;

Based on data [5] the calculated values of polynomial co-
efficients al, a2, ... , a6 have been included in the Table 1.

The calculated kilomolar enthalpy (Mh); is the sum of
the enthalpy of formation of component “i” at the reference
state Ty = 298.15 K and the excess of the physical enthalpy
above the reference state. So there is so-called total enthal-
py. When performing energy balance calculations, internal
energy is also used. Calculation of the kilomolar internal
total energy (including chemical energy) of the gas mixture
component (Mu); is possible from the Gibbs equation,
which can be represented for the ideal gas:

(Mu); = (Mh); — (MR)T Y

Calculations of thermodynamic quantities for a mixture
of gaseous components with a known molar composition y;
and known thermal parameters: p, T enable the following
relationships:

(Mh) = XL, y;(Mh); (12)
(Mw) = XL, y;(Mu); = (Mh) — (MR)T (13)
(Mep) = 2 yi(Mep); (14)
(Mcy) = (Mcp) — (MR) (15)
molecular weight for the mixture:
M =3, yiM; (16)

gas constant for the mixture:

(Mc,) [kJ/kmolK] ;

(Mh) [kJ/kmol]

R = (MR)/M (16)

equation of state:

pV = mRT = n(MR)T (17)

5. Otto cycle simulation

In order to analyze the effect of water injection into the
intake manifold on the pressure and temperature of the
working medium in the SI piston engine, simulation calcu-
lations for a single cycle were carried out. The calculation
does not take into account exhaust gas recirculation. The
injected water will affect the composition of the gas mix-
ture which is subjected to compression and the initial and
final temperature of the charge during compression in the
engine. In order to investigate the impact of water injection
on the parameters of the Otto cycle, a computer program
was developed.

The air temperature after humidification was determined
from the energy balance for the isobaric and adiabatic mix-
ing with the air the adopted in the calculation amount of
water injected (at a given temperature). The amount of
water supplied allowed its complete evaporation in the
intake manifold, it did not exceed the value of s, (Fig. 3).

The initial temperature of the air-fuel mixture fed to the
cylinder was determined also from the energy balance for
the isobaric and adiabatic mixing of humidified air with
atomised liquid fuel at given temperature. Here, also, the
temperature decreases due to evaporation of the fuel.
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The following simplifying assumptions were made.

1. The simulation calculations concern the theoretical Otto
cycle consisting of the following processes:

1-2 adiabatic compression of a gaseous fuel-air-water

vapour gas mixture of known composition,

2-3 isochoric temperature increase resulting from fuel

combustion,

3—4 adiabatic exhaust expansion,

4-1 isochoric exchange of charge in the cylinder, i.e. in-

troduction of a fresh fuel mixture with moist air instead

of expanded exhaust gas.

2. It is assumed that the gaseous components are semi-
perfect and that the exhaust gases during the expansion
are in the chemical equilibrium determined for the con-
ditions (temperature and pressure) that are in a given
point of their expansion.

3. The temperature T; of the mixture of fuel vapour, air
and water vapor at the beginning of compression results
from the previous processes of air humidification and
fuel atomization. The initial pressure of the mixture is
p: = 1 bar.

4. The proportion of fuel to dry air determines the equiva-
lence ratio @. The numerical values of equivalence ratio
assumed in the example calculations refer to the stoichi-
ometric mixture (O = 1).

5. Combustion of the mixture is isochoric, runs in TDC
infinitely fast.

6. Compression (1-2) and expansion (3—4) are adiabatic
(the heat exchange between the gas charge and the cyl-
inder walls is omitted).

In formulating mass and energy balances a control vol-
ume boundary is assumed, the position of which determines
the surfaces of the cylinder wall, the piston crown and the
surface of the combustion chamber. For compression 1-2
the mass and composition of the mixture does not change.
For two, close each other (a) and (b), thermal states of
compressed mixture the equation of energy balance can be
written:

Ein a-b = Ub - Ua + Qa—b (18)

The supplied energy E;, . is the elementary work of com-
pression W, whereas the heat of the process Q,, = 0
which results from the assumption of adiabaticity of the
compression. To calculate the elementary work of compres-
sion can be used the exact relationship:

k=1
_ baVa _ (p_b) K

Warh =~ [1 o ]

or approximate relation, which is correct if the elemental

process (a-b) in the p—V diagram approximates a straight
line:

(19)

Wa—b = (pa + pb)(Vb - Va)/z (20)

The parameters of compressed mixture for the state "a"
are known (at the beginning of compression they are equal
to the parameters in point 1, and for subsequent steps of
integration are equal to the resultant parameters "b" from
the previous calculation step). Unknown final parameters
Ty and p, of each elemental step must satisfy the system of
equations:

energy balance

Ub (Tb) = Ua(Ta) + Wa—b (21)

equation of state

PbVb _ PaVa
Ty Ta

(22)

Assuming the reversibility of adiabatic compression, the
final temperature for a single integration step AV =V, -V,
can also be calculated from the isentropic equation:

K—1

T, =T, (‘”—b)T

Pa (23)

in which the adiabatic index « is temperature dependent and
should be calculated for known temperature T, (variable
during isentropic compression).

From the calculations results a high agreement in the
pressure and temperature course for both of these methods.
The first (balance) method is more general, because it al-
lows for the exchange of heat between the wall of the work-
ing space and the charge in the cylinder for polytropic pro-
cess.

Process 2-3 is an isochoric during which the fuel com-
bustion reaction takes place. The combustion products
contain gas components of unknown mole fractions yi;
corresponding to chemical equilibrium for thermal parame-
ters: temperature T; and pressure p;. The thermal parame-
ters for state "3" meet the equations of energy and sub-
stance balance:

U3 (T3, yi3,p3) = Up(T,)

M. = m, = P3 _ b2
3 2 R3(T3yi3)T3  RzT2

(24)
(25)

Thermal parameters at the point "3" of the cycle (the
beginning of the expansion process) were determined by
solving the above system of nonlinear equations, where the
input data for the calculation is: composition yj, tempera-
ture T, and pressure p, of the mixture in state "2" and as-
suming that process 2-3 is adiabatic and isochoric and
exhaust gases in the state of "3" (with 10 components) have
an equilibrium composition.

In adiabatic process 3—4 is assumed that the composi-
tion of the exhaust gases will be equilibrium, depending on
equivalence ratio @ and on the current thermal parameters
T and p on the expansion line. This composition will be
variable as a result of changes in temperature and pressure
during expansion. For sufficiently small change in volume
AV =V, - V, the energy balance equation for the elemen-
tary process a—b applies:

0= Ub - Ua + Wa—b (26)

where: Uy(Ty, pp, ¥in) — is the total internal energy of the
exhaust (physical and chemical), whereas
K—1

aVa S
W, = [1 - () ] ~ (pa +p) (Vo —Va)/2 27)
is the elementary work of this process, and the equation
expressing together the mass balance and the equation of
state:
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PbVb PaVa
R(Tpyip)Tb  R(Tayia)Ta

my = my, = (28)

The above set of balance equations is nonlinear, with
unknown T}, and py,. This system for each calculation step
corresponding to the volume increase AV of the system was
solved iteratively.

In case the expansion 3—4 passes with heat exchange to
the walls of the engine working space, the heat Q,, deter-
mined on each elementary calculation step should be in-
volved into the energy balance equation. The elementary
work W, can then be calculated based on the simplified
relationship. Such an extension of the model will not cause
changes in the methodology of further calculations.

The model of the Otto cycle described above was used
to perform simulation calculations for the following data.

1. The volume at the node points of the cycle is: V| =V, =
=445 cm’; V, = Vi =45 cm’.

2. The environment air parameters are: temperature t, =
= 20°C, pressure p, = 1 bar, relative humidity ¢, = 0.

3. Value of pressure p; = 1 bar.

4. Motor fuel is octane CgH;s. Thermodynamic properties
of the fuel [1, 6, 7] for referenced temperature Ty =
=298.15 K are:

— Lower calorific value — LCV = 5073 MJ/kmol,

— Enthalpy of fuel condensation (Mr)gyg, = 35.34 MJ/kmol,

— Standard enthalpy of gaseous fuel formation (Mh)gygL =
=-216.27 MJ/kmol,

— Specific heat at constant pressure for gaseous fuel c, =
=0.005T+675-10° T—367- 10°T +7.75 - 1070 T°
kJ/kg K,

— Specific heat at constant pressure for liquid fuel ¢, =
=223 klJ/kgK,
Combustion of fuel is stoichiometric (® = 1),
Compression 1-2 and expansion 3—4 are adiabatic,
In the expansion stroke 3-4, the composition of the
exhaust gases is equilibrium, determined for the current
thermal parameters: temperature and pressure.
The calculation results for the above assumptions and
the assumed ratio s of the mass of water injected into the
intake manifold to the mass of fuel are summarized in Ta-
ble 2 below. For three variants of calculation differing in
the assumed parameter: s = 0 (no water injected); s = 0.1,
s = 0.2 the table contains parameters: temperature of air
after water injection t,, temperature fuel-humid air mixture
after fuel injection t;, temperature and pressure in the points
of the Otto cycle. The table also includes the results of
calculations of compression work W, expansion work Wy,
and the theoretical efficiency of the cyclen;,

Now

_ Wexp—I|Wkl

ne = 29)

ngygL LCV
where ngygp is a number of kmol of fuel for one cycle, LCV
is lower calorific value of the fuel.

The graphs below present the results obtained from
simulation calculations for stoichiometric combustion of
octane in dry air and humidified air at parameter s = 0.2.

Table 2. Parameters in the points of Otto cycle and fuel conversion
efficiency for different water to fuel ratio s

Parameter Unit s=0 s=0.1 s=0.2
Temperature t,, °C 70 54.7 39.8
Temperature t; °C 47.8 343 21.0
Temperature T, K 320.9 307.4 294.2
Pressure p; bar 1 1 1
Temperature T, K 675.0 650.5 626.2
Pressure p, bar 20.8 209 21.1
Temperature T; K 2899.7 2878.8 2857.4
Pressure p3 bar 96.2 99.7 103.3
Temperature T4 K 1837.7 1804.3 1765.8
Pressure ps bar 6.06 6.22 6.37
Compression work J -153.1 -153.6 -154.1
Expansion work J 800.4 827.0 853.9
Theoretical efficiency n, % 46.31 46.67 46.85
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Fig. 5. Pressure-volume diagram for compression for different parameter s
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parameter s

The next graphs illustrate the variability of the composi-
tion of the exhaust gas for the expansion for the cycle with-
out water injection (Fig. 9) and with the water injection
at s = 0.2 (Fig. 10). Additionally Fig. 11 illustrates the
composition of exhaust gases upon combustion with excess

air (@ = 0.9) and with water injection at s = 0.2.
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Fig. 9. Equilibrium gas composition for expansion stroke
(fuel octane, ® = 1, no water injection s = 0)
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6. Conclusion

1.

(98]

Water to fuel ratio s is fundamental parameter of water
injection systems. In PWI systems, the amount of water
injected must be selected so exactly that it can be evapo-
rated in the intake manifold. Otherwise, drops of liquid
water can damage the oil film on the cylinder liner caus-
ing the risk of engine seizure.

The amount of liquid water which can be actually va-
porised is yet limited by the equilibrium state between
liquid water and steam. For this reason, the amount of
sprayed water in the intake manifold depends on the
ambient air parameters and on the air parameters before
moisturizing.

Evaporation of water in the intake manifold reduces the
temperature of the humidified air. When the ambient
humidity increases the attainable temperature drop de-
creases because of the decreasing amount of injected
water required.

Lowering the temperature of the fuel-wet air mixture
obtained by water injection reduces the initial T} and the
final compression temperature T,.
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5. The load pressure p, at the end of compression is slight- well as the thermal efficiency of the Otto cycle is pre-
ly dependent on the amount of water injected. The con- ferably higher.
sequence of this fact are the similar numerical values of 8. A comparison of the results shown in Fig. 9 (for s = 0)
work calculated for the compression process for the ana- and in Fig. 10 (for s = 0.2) leads to the conclusion that
lyzed cases. the water injection significantly reduces the O,, NO, OH
6. During fuel combustion (process 2-3) the temperature concentrations in the exhaust gas at the end of the
T decreases with the increase of the amount of water expansion, whereas it causes an increase in the concen-
injected. The probability of knock phenomena is thus tration of CO and H,. In the case of combustion with
reduced, higher compression ratios can then be reached. excess air (@ = 0.9) and s = 0.2 in the final exhaust
7. The pressure in the expansion process is higher (Fig. 7) composition, the H, and CO concentrations are greatly
for higher values of the parameter s. Consequently, the reduced while the NO concentration increases. (Fig. 11).
mechanical work generated by the expansion stroke as
Nomenclature
Cp specific heat at constant pressure  kJ kg™ K' R gas constant kI kg K
H enthalpy kJ s water to fuel ratio kg kg
LCV lower calorific value kJ kmol™ t temperature °C
m mass kg T temperature K
M molal mass kg kmol™ U internal energy kJ
(Mh); specific enthalpy of componenti  kJ kmol™ W work kJ
(Mc,) specific heat at constant pressure  kJ kmol ™ K™! 0] relative humidity of air
(Mr) specific enthalpy of vaporisation kJ kmol™ 1) equivalence ratio
(MR) universal gas constant kJ kmol ™ K K adiabatic index
n amount of matter kmol ..
. n thermal efficiency
ps saturation pressure bar .- . . .
p pressure bar v stoichiometric coefficient
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Effect of biodiesel on the development of split injection characteristics

The paper presents the experimental test results of a common rail injection system operating with biodiesel and the diesel fuel. The
three fuel split injection strategies were implemented to investigate the effects made by biodiesel and a fossil diesel fuel on the history of
injector inlet pressure and the injection rate. In addition, the three intervals between split injections and the different injection pressures
were used to obtain more information about the studied subjects. The obtained results showed that the peak mass injection rates of the
main injection phase were slightly higher when using biodiesel than the respective values measured with the normal diesel fuel. Because
the first injection phase activated the fuel pressure fluctuations along the high-pressure line and in front of the injector, the time-span
between injections has an impact on the injector inlet pressure and thus the fuel injection rate during the second injection phase. Since

the nozzle closes little later for biodiesel, the injector inlet pressure also occurred latter in the cycle.

Key words: split injection, injection rate, common rail injection system, diesel fuel, biodiesel fuel

1. Introduction

Fuel split injection characteristics play a significant role
in the fuel spray development [1, 2], the fuel-air mixture
stratification [3], as well as the ignition delay and the sub-
sequent combustion process [4, 5] characteristics of the
diesel engine.

Han et al. [6] experimentally investigated the split injec-
tion process of fatty acid esters on a common rail injection
system. The test results show that the fuel properties caused
modest changes in the pressure fluctuation after the end of
injection as well in the injection mass. The injection dwell
time was also found to influence the injector inlet pressure
characteristics at the start of the main injection event and
thus the amount of fuel injected during main injection was
slightly changed.

Han et al [7] also carried out numerical study on fuel
physical properties made effects on the split injection pro-
cesses of a common rail injection system. In that study
a one-dimensional model based on AVL HYDSIM was
established to identify the effect of fuel density, viscosity
and bulk modulus of compressibility on split injection cha-
racteristics. Researchers found that fuel physical properties
effects were modest at the pilot injection stage, but more
noticeable at the main injection stage.

Park et al. [8] experimentally and theoretically investi-
gated the spray and atomization characteristics of biodiesel
fuel. It was found that the peak injection rate increased and
advanced, when the injection pressure increased due to
initial injection momentum. The injection rate of the soy-
bean oil methyl ester, which has a higher density than diesel
fuel, is higher than that of diesel fuel despite its low injec-
tion velocity.

Boudy and Seers [9] investigated the impact of physical
properties of biodiesel on the injection process in a com-
mon rail direct injection system using a single and triple
injection strategies. The results showed that fuel density is
the main property that affects the injection process, such as
total mass injected and pressure wave in the common rail
system. While the fuel’s viscosity and bulk modulus influ-
enced the injection parameters to a lesser degree of exten-
sion.

Wang et al. [10] conducted fuel injection and combus-
tion study by the combination of mass flow rate and heat
release rate with single and multiple injection strategies.
The test results showed that the fuel injection duration is
obviously longer than the injection energizing duration.
Split injection strategy revealed complicated interaction
among splits with the first injection duration and dwell
interval dominating the interaction degree. It was also noted
that the interaction also considerably depends on the num-
ber of splits.

Despite of considerable number of experimental and
numerical studies on the subject, in the technical literature
still is a lack of knowledge related with the effects of the
intervals between the splits and this is especially important
in case of using biodiesel. The purpose of the research was
to obtain a deeper knowledge about the impact of the wide-
ly differing properties of biodiesel on the main injection
parameters such as the fuel injection rate and the injector
inlet pressure for the three split injection strategies under
various biodiesel and the diesel fuel injection pressures.

2. Materials and method

The fuel injection rates were measured and analysed
using an injection rate measuring system based on Bosch
method [11].

Fig. 1. Test stand used in the experiments
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The experimental setup consists of two parts: the fuel
injection system and injection rate measuring system (Fig.
1). The fuel injection system includes an electrically driven
high-pressure pump, a rail and an injector. The injector
nozzle has 6 holes and the diameter of each hole is 0.24
mm. The NI PXIe 1062Q system with DI Driven D000020
module was used to control the injection process.

The injection rate measuring system consists of the in-
jector mount on which the injector and the pressure sensor
are mounted, the measuring and following tube, the orifice
plate separating them and the check valve. The injection
rate measuring method is based on measuring a dynamic
increase in pressure produced by the fuel injection into
measuring tube filled with fuel. The shape of the fuel pres-
sure increase correspondents to the injection rate.

The pressure variation in the tube was measured with a
piezoelectric pressure sensor type 6052C (Kistler) coupled
to the Kistler charge amplifier-module 5064 with an accu-
racy of 20.5% in the pressure range of 0-25.0 MPa. The
fuel pressure at the injector inlet was measured with a pie-
zoresistive high-pressure Kistler Inc. sensor 4067A2000
and amplified by an amplifier-module 4665. Both amplifi-
er-modules were mounted on the signals conditioning plat-
form-compact 2854A. The injector energizing pulses, fuel
injection rate, fuel pressure and back pressure signals were
continuously recorded by using an AVL IndiModul 622
data acquisition system.

Table 1. Properties of the tested fuels

Fuel Density at 30°C Kinematic viscosity
[kg/m’] at 40°C [mm?/s]

Diesel fuel 832.7 2.13

RME 883.6 4.44

The fuel studied was rapeseed methyl ester, the split in-
jection characteristics of which were compared with the
respective values of a fossil diesel fuel (DF). The main
physical properties of the tested fuels are listed in Table 1.
Four injection pressures (rail pressures) of 45, 85, 110 and
135 MPa were used for the experimental tests. The back
pressure in the tube was adjusted to 4.0 MPa.

The fuel pressure traces over the 100 consecutive injec-
tion cycles were recorded and averaged for the analysis.
The quantity of the fuel injected (by mass) was determined
as a mean value of the 1000 consecutive injection cycles,
measured by a precision scale.

Table 2. Test matrix for split injection

0.15-1.0 0.5-0.5
0.8;1.0;1.2 | 0.8;1.0;1.2

1.0-0.15
2.0;2.15;2.3

Injection duration [ms]
Injection interval [ms]

The three groups of the experimental tests with the dif-
ferent injection durations and injection intervals were car-
ried out to reveal the interaction between the splits. The test
matrix is shown in Table 2.

3. Results and discussion

Modern diesel engines are equipped with a common rail
fuel injection system that can be adapted to implement split
injection strategy. In this case, the pressure oscillations in
the high-pressure line caused by the first injection affected
the subsequent injection process.
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Fig. 2. Effects of pilot injection energizing pulse and split injection inter-
val on the injector inlet pressure fluctuation and the injection rate of the
fuels at the injection intervals: a — 0.8 ms, b— 1.0 ms, ¢ — 1.2 ms

Figure 2 shows variations in the fuel mass injection rate
and the injector inlet pressure in a time scale during the
split injection process, with the duration of 0.15 ms and 1.0
ms and a variable interval between injections.

As can be seen in Fig. 2, the short pilot injection pulse
causes low-magnitude inlet pressure fluctuation that quick-
ly damps without causing observable influences on the
main injection. Higher density of biodiesel fuel causes the
reduction of the peak mass injection rate in the pilot stage.
While, on the contrary, the peak mass injection rates of the
main injection stage were slightly higher when using RME
than the respective values measured with the diesel fuel. As
can be seen at the end of the main injection, the end of
injection takes place slightly earlier in the cycle with diesel
fuel. This occurs mainly due to lower viscosity of the diesel
fuel. Since the viscosity of biodiesel is higher more time is
needed to close the injector due to the viscous forces slow-
ing down the needle movement. While changes in the injec-
tion intervals did not have a noticeable effect on the injec-
tion characteristics.
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Fig. 3. Effects of fuel types on injector inlet pressure and the injection rate
under split injection at the intervals: a — 0.8 ms, b— 1.0 ms, ¢ — 1.2 ms

Figure 3 presents variations in the fuel mass injection
rate and the injector inlet pressure during the two-stage
injection process for biodiesel and a fossil diesel fuel. The
injector energizing duration was equal to 0.5 ms for each
injection event, while the injection intervals were changed
for 0.6 (a), 1.0 (b) and 1.2 ms (c) as can be seen in figure.

As the injection process starts, significant oscillations
are observed in the inlet pressure. The first injection causes
temporary pressure drops and then subsequently pressure
rise caused by the water-hammer effect when the needle
moves back into closed position. With an increase in the
interval between injections, the fluctuations amplitude of
the injector inlet pressure increased correspondingly. At the
tested injection intervals of 0.8, 1.0 and 1.2 ms the respec-
tive injector inlet pressure fluctuations amplitudes were
equal to 16, 26 and 31 MPa. Since after the first injection,
the nozzle closes little later for RME than for diesel fuel,
the pressure increase is also delayed.

As can be seen in Figure 3, the pressure fluctuations af-
fect the injection rate of the second injection. Due to fuel

pressure fluctuations in the high-pressure line evoked by
the first injection, the second injection proceeds under the
increasing inlet pressure at the injector. For this reason, the
fuel injection rate during the second stage of the process
was higher than that measured in the first stage of injection.
Maximum injection rate is affected by the duration of injec-
tion interval between the pulses. Therefore, the maximum
injection rate was approximately 32.8% higher during the
second injection than that determined in the first injection
stage for both types of the fuels tested with the injection
interval of 0.8 ms between splits.
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Fig. 4. Effects of fuel types on injector inlet pressure and the injection rate
under split injection at the intervals: a —2.0 ms, b—2.15 ms, ¢ — 2.3 ms

After the injection interval was increased from 0.8 to
1.0 ms (Fig. 3b), maximum fuel injection rate during the
second injection increased by 43.3% for biodiesel and
49.9% for the normal diesel fuel. While further increase of
the injection interval between splits to value of 1.2 ms (Fig.
3c), maximum injection rate over the second stage in-
creased with a lower intensity — by 36.3% and 33.6% for
biodiesel and the mineral diesel fuel, respectively. This
occurrence can be associated with the fact that the biggest
part of the second injection coincided with the reduction
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phase of fuel pressure caused by fluctuation of fuel pressure
waves in the high-pressure line activated by the first fuel
injection phase.

After the injection interval was increased from 0.8 to
1.0 ms (Fig. 3b), maximum fuel injection rate during the
second injection increased by 43.3% for biodiesel and
49.9% for the normal diesel fuel. While further increase of
the injection interval between splits to value of 1.2 ms (Fig.
3c), maximum injection rate over the second stage in-
creased with a lower intensity — by 36.3% and 33.6% for
biodiesel and the mineral diesel fuel, respectively. This
occurrence can be associated with the fact that the biggest
part of the second injection coincided with the reduction
phase of fuel pressure caused by fluctuation of fuel pressure
waves in the high-pressure line activated by the first fuel
injection phase.

Figure 4 presents the history of fuel mass injection rate
and the injector inlet pressure during the main injection and
post injection events for biodiesel and a fossil diesel fuel
for the various injection intervals of 2.0, 2.15 and 2.3 ms.
As can be seen in figure, the fuel pressure fluctuations in
the high-pressure line have noticeable influence on the
shape of a very small time-span characteristic following
after the main injection process. The post-injection started
just after the fuel pressure at the injector reached the maxi-
mum value of about 140 MPa, therefore the fuel-mass in-
jection rate was of the biggest values for both injections of
biodiesel and the mineral diesel fuel at the injection interval
between pulses of 2.0 ms (Fig. 4a).

As the interval between the injections increased, the
maximum injection rate of the second injection gradually
decreased because during this phase of process the fuel
pressure in the high-pressure line progressively decreased
with regard to its maximum value. For this reason, during
the second injection the maximum value of injection rate
decreased by 26.7% for biodiesel and 18.8% for the diesel
fuel at the 2.15 ms interval between injections (Fig. 4b).
The interval between injections increased to 2.3 ms, the
maximum injection rate additionally reduced by 19% for
both fuel types. Hence, the maximum injection rate deve-
loped during the second injection phase depends on the
injector inlet pressure fluctuation phase at that instance
when the process occurs, i.e. whether the fuel line-pressure
increases or decreases at the considered moment.

Figure 5 presents the dependencies of fuel mass injected
during two-stage injection process for the three fuel injec-
tion intervals between splits and the three initial injection
pressures. As expected, for both biodiesel and mineral die-
sel fuels the cycle injection quantities increased with in-
creasing injection pressure. In case with a small pilot injec-
tion (Fig. 5a), cycle injection quantity was not noticeably
affected by the time interval between pilot and main injec-
tion events because the fuel fluctuations after the first injec-
tion were negligible.

In case of the fuel split-injection with the two 0.5 ms in-
jector energizing pulses, the effect of the injection interval
on the mass cycle injection quantity was significand as can
be seen in Fig. 5b. As show Fig. 3 and Fig. 5, the cycle
injected fuel quantity correlate well with the pressure fluc-
tuations at the injector inlet. At an initial injection pressure

of 85 MPa, the increase in the injection interval from 0.8 to
1 ms resulted in the amplitude of pressure fluctuations
17.7% higher. While, at the same time, the cycle injection
mass of mineral diesel and biodiesel increased by 19% and
8.5% respectively. As the injection interval increased up to
1.2 ms, the amount of fuel-mass injected decreased as did
the pressure fluctuations amplitude.

a) @DF Pinj=85 MPa ZRME Pinj=85 MPa
120 1 ©DF Pinj=110 MPa SRME Pinj=110 MPa
5100 @DF Pinj=135 MPa @RME Pinj=135 MPa
&
0\ N
: N\ - \
o = % \'« 7Z V gl N
S N\ B 2N\
s TONN || N
3 ﬁ N 0 N
1N N DN
0.8 1.0 12
Injection interval, ms
b) 120 i
£100

o
(=]

(=)
(=]

~
(=]

Cycle injection quantity,

20

0.8 1,0 1,2
Injection interval, ms

Fig. 5. The effect of injection interval on cycle injection quantity for
various injection pressures: a — injector energizing pulses of 0.15-1.0 ms;
b — injector energizing pulses 0.5-0.5 ms

4. Conclusions

The three fuel split injection strategies were implement-
ed to investigate the effects made by biodiesel and a fossil
diesel fuel on the history of injector inlet pressure and the
injection rate. At the same time, the intervals between split
injections and the injection pressures were changes to ob-
tain more information about the studied subjects.

The short pilot injection pulse caused low-magnitude in-
let pressure fluctuations those quickly have been damped
without causing any observable effect on the main injection
process. The peak mass injection rates of the main injection
phase were slightly higher when using biodiesel than the
respective values measured with the normal diesel fuel

Because the first injection phase activated the fuel pres-
sure fluctuations along the high-pressure line and in front of
the injector, the time-span between injections has an impact
on the injector inlet pressure and thus the fuel injection rate
during the second injection phase. Since the nozzle closes
little later for biodiesel, the injector inlet pressure also oc-
curred latter in the cycle.
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Patrycja PUZDROWSKA

Identification of damages in the inlet air duct of a diesel engine
based on exhaust gas temperature measurements

The temperature of the exhaust gas of a diesel piston engine, measured in the characteristic control sections of its thermo-flow
system, can be a valuable source of diagnostic information about the technical condition of the elements limiting the working spaces thus
separated, including the turbocharging system, but also its fuel supply system and replacement of the medium. In standard marine engine
measurement systems equipped with an impulse turbocharging system, the exhaust gas temperature is measured at the outlet of
individual cylinders and before and after the turbocharger turbine, using traditional thermocouples with high measurement inertia (time
constant of tenths of a second and more). This means that for further diagnostic analyses, the average value of the periodically changing
temperature of the exhaust stream leaving individual engine cylinders, the exhaust stream in the collective duct feeding the turbine and
the exhaust stream in the exhaust duct of the turbine is used.

This article proposes a new approach to the issue of diagnostic informationiveness of the exhaust gas temperature of a diesel engine,
extending its observations with the dynamics of changes in the duration of one working cycle. The aim of the tests carried out on the
laboratory stand of Farymann Diesel engine type D10 was to determine the diagnostic relations between the loss of permeability of the
inlet air channel filter baffle and selected standards of the quick-changing signal of the exhaust gas temperature. On the basis of the
calculations carried out, the following dynamic features of the recorded signal were determined: maximum amplitude of instantaneous
exhaust gas temperature values (peak-to-peak value), its rate of increase and decrease, and the specific enthalpy of exhaust gases within
one engine work cycle.

Comparative analysis of numerical data characterizing the recorded quick-changing exhaust gas temperature courses clearly
indicates obvious thermodynamic and energy consequences of partial loss of flow capacity of the air channel supplying the combustion
chamber of the test engine.

A further development of the experimental test programme is foreseen in order to determine a diagnostic matrix to support the
diagnostic inference about the technical condition of the diesel engine on the basis of measurements and analysis of the quick-changing
exhaust gas temperature.

Key words: diesel engine, intake air channel, diagnostics tests

states: the reference one and the simulated loss of permea-
bility of the inlet air channel filter baffle.

1. Introduction

Quick-changeable engine exhaust gas temperature al-
lows the users to obtain diagnostic information on the tech- During the tests, the following control parameters and
nical condition of structural elements limiting the cylinder's  indicators of engine operation were recorded (described in
working spaces, as well as inlet air and exhaust gas ducts  Table 1):
[1, 2, 12]. In order to develop a diagnosis method based on  — temperature of exhaust gases, by means of thermocou-
this parameter, it is necessary to reconcile such require- ple type K cooled additionally with water jacket,
ments as: high accuracy of measurements, their cost- — exhaust gas pressure in the outlet duct,

effectiveness and technological efficiency. It is also im-
portant to minimize the influence of external factors on the
accuracy of measurements. Therefore, it seems appropriate
to use the method of measuring quick changeable tempera-
tures with water-cooled thermocouple [5, 6, 197".

2. Conditions for laboratory testing

Empirical tests were carried out on the laboratory test
bed of a single-cylinder four-stroke diesel engine Farymann
Diesel type D10 (Fig. 2). The research was aimed at record-
ing in the selected control sections of the exhaust gas duct’
the temperatures of quick-changing exhaust gases. Then, on
their basis, diagnostic parameters were determined for two

'If the thermocouple is not cooled, the recorded signal is disturbed, which
results from the heating of the thermocouple from the surrounding gas,
which is discussed in the publication [15].

Variable: the temperature and pressure of the exhaust gas was recorded
in the straight exhaust gas duct, at the same distance from the cylinder
outlet valve, so that the signals were comparable and to prevent interfer-
ence and reflection of pressure waves in the duct due to changes in the
pipeline shape.

— exhaust gas pressure in
the combustion cham-
ber,

— a signal of the upper
dead position of the pis-
ton,

— load current of the ge-
nerator (armature),

— voltage at the terminals
of the generator arma-
ture,

— exhaust outlet
opening signal.
A multifunctional mea-

surement and recording

module type DT-9805 from

Data Translation was used

to record quick-changing

exhaust gas temperatures
and pressures as well as the
piston dead position signal,

valve

Fig. 1. A view of the inlet air duct

supplying the engine: 1 — supply air

control valve (degree of shutdown of
the valve as during the laboratory
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while Matlab and Microsoft Excel software was used to
record and mathematically process the recorded values of
quick-changing exhaust gas temperatures. During the test,
a constant crankshaft speed of the 1445 min™' engine and
a constant engine load were maintained. The sampling fre-
quency was 7000 Hz.

The test was carried out for two different technical
states of the intake air channel: defined as state 1 (refer-
ence) and state 2, which caused changes in the active cross-
sectional area of the air flow through the valve mounted
between the cylinder valve and the filter — Fig. 1. In this
way, a reduction in the permeability of the filter baffle as
a result of its contamination was simulated, which is quite
often the state of inoperability of every internal combustion
engine [3, 13].

The presented test results are the average of 90 consecu-
tive measurements recorded under the same engine operat-
ing conditions, determined by the engine load, crankshaft
rotational speed and environmental parameters. During the
tests, distillation fuel ORLEN ECODIESEL was burnt in
the engine.

In order to undergo mathematical treatment and statisti-
cal analysis of the obtained results of diagnostic tests of the
engine, it is necessary to decide to compare the same data
groups. The most reliable and comparable "portion" of data
obtained during the recording of the observed quick-
variable quantities was considered to be the results within
one engine work cycle (from 0 to 720°CSR). In order to
allow for such an approach, it shall be assumed that the
signal of the exhaust gas temperature variation is a periodic

Table 1. The parameters of the Farymann D10 single cylinder diesel engine recorded on the laboratory test stand

Item Parameter Measuring device unit Measurement range
1. Exhaust gas temperature — Ty, Exposed junction type K thermocouple °C 0-1000
(junction diameter 0.2 mm, ceramic sheath)
2. Exhaust gas temperature — Tgp, Grounded type K thermocouple with the °C 0-1000
junction of external diameter of 0.5 mm,
made from inconell
3. Exhaust gas pressure in the exhaust Optical pressure sensor — Optrand C12296 v 0-689475.73 Pa (0-100 psi),
channel — p, sensitivity 6.01- 107 V/Pa
(41.43 mV/psi)
4. Engine speed (angular position °CA) — n Induction engine speed sensor and TDC min’’ 0-3000
Top dead center — TDC sensor
5. Load Current of the generator (armature) — Electric current meter A 0-15
I[W
Voltage at the armature terminals— Uy, Voltmeter v 0-250
7. Exhaust valve opening signal Gap type opto-isolator with a comparator \Y% 0-5
LM393 mm 10 (gap)
a) b)

Fig. 2. a) Diagram of the laboratory test stand with the fitting spots of the sensors marked: 1 — Farymann D10 engine, 2 — engine speed and TDC sensor,

3 — exhaust valve opening sensor, 4 — A/C converter, 5 — recorder, 6 — analysis software, 7 — thermocouple in a ceramic sheath, 8 — pressure sensor, 9 —

water cooled thermocouple, 10 — exhaust gas channel, A — intake air, B — exhaust gas, C — fuel line; b) a view of the laboratory test stand with the fitting

spots of the sensors of the recorded parameters marked: 2 — engine speed and TDC sensor, 7 — thermocouple in a ceramic sheath, 9 — water cooled thermo-
couple, 3 — exhaust valve opening sensor, 8 — pressure sensor
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signal. The time intervals analyzed in this study meet the
conditions for their recognition as quasi-periodic, which is
also acceptable [7, 8, 10, 11]. The recorded signal of the
engine exhaust gas temperature is periodically time-
dependent. Its values are repeated in constant intervals,
lasting for a time called a period, that is:

x(T+T)=x(1) (1)

The necessary condition is that the period (T) is any
non-zero measurable number. This condition has been met
in the case of analyzed signals of fast changing exhaust gas
temperature [15, 17, 18].

3. Diagnostic parameters
The results of the laboratory tests presented in this chap-

ter refer to the temperature variation rates for a single diesel

engine cycle. Four different measurement signal standards
were analyzed, allowing to assess the technical condition of
structural elements limiting the working spaces of the cy-
linder, as well as the air intake channel only on the basis of
measurements and analysis of the quasi-periodic signal,
which is the quasi-periodic temperature of the exhaust gas

in the outlet duct [9, 14, 16].

Dynamic exhaust gas temperature measurements in the
selected control sections of the engine exhaust outlet chan-
nel make it possible to determine:

— the average peak to peak variable exhaust gas tempera-
ture (difference between maximum and minimum for
the signal, within one engine cycle);

— specific enthalpy of subsequent temperature pulses of
the exhaust gas leaving the cylinder;

— the rate (intensity) of increase and decrease in the value
of the quick-changeable exhaust gas temperature for the
single engine cycle.

On the basis of the course of quick-changeable tempera-
ture of the exhaust gases, the above mentioned standards of
measurement signal values were determined, which may
constitute adequate diagnostic parameters for the tested
states of unfitness of the intake air channel. The results of
their analysis are presented in the next chapters.

3.1. An average peak-to-peak value
of the quick-changeable temperature
The average peak-to-peak value of the quick-changeable
exhaust gas temperature is determined as the difference
between the maximum and minimum temperatures for each
engine cycle (Fig. 3). The value of this diagnostic value
was determined according to the relation:

ATsr = tmax - tmin [K] (2)

where: ATy — average peak-to-peak value [K], ty.x — maxi-
mum temperature of the exhaust gas within one engine
cycle [°C], ty, — minimum temperature of the exhaust gas
within one engine cycle [°C].

3.2. A specific enthalpy of the exhaust gas

The study of the temperature and pressure variability of
exhaust gases leaving the cylinder of a diesel engine in the
range of one work cycle gives the possibility of direct
qualitative and quantitative assessment of the specific en-
thalpy of exhaust gases. The value of this parameter was

determined by integrating the course of the quick-change-
able temperature of exhaust gases within the limits speci-
fied by the values of the crankshaft rotation angle for one
cycle, as well as by the known value of the specific heat of
exhaust gases, depending on their average temperature:

720 ]
h= fo Cpitsp) * Lspd@owk [k_g] 3

where: h —specific enthalpy of the exhaust gas [J/kg], Cpusp) —
average specific heat of the exhaust gas [kl/kg-deg], t,, —
the temperature of the exhaust gas recorded within one
engine cycle [°C], aowk — the angle of the engine crankshaft
revolution [°CSR].

Fig. 3. The course of fluctuation of the quick-changing exhaust gas tem-
perature for one engine cycle and the graphical interpretation of the peak-
-to-peak temperature value

The average specific heat of stoichiometric exhaust ga-
ses was determined on the basis of the chemical composi-
tion of exhaust gases recorded for each state of work of
a diesel engine.

3.3. A rate of the exhaust gas temperature’s alterations

Knowledge of the rate of increase and decrease in tem-
perature of exhaust gases allows to determine the dynamics
of this flow process. Figure 4 shows the graphical interpre-
tation of the method of determining this diagnostic parame-
ter for one engine cycle, based on a signal of a quick-
changing exhaust gas temperature.

Fig. 4. The course of fluctuation of the quick-changing exhaust gas tem-
perature for one engine cycle and the graphical interpretation of determi-
ning the rate of temperature increase and decrease

The rate of increase (decrease) of temperature of ex-
haust gases was determined according to the relation:

A_T — tmax ~tmin (4)
At T(tmax)—T(tmin)
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where: AT/At — rate of increase (decrease) of temperature of
exhaust gas [K/s], tm,x — the maximum exhaust gas temperature
within one engine cycle [°C], ty, — the minimum exhaust gas
temperature within one engine cycle [°C], T(tn) — the time
during which the temperature of the exhaust gases within one
engine cycle reaches its maximum value [s], T(t;,) — the time
during which the temperature of the exhaust gases within one
engine cycle reaches its minimum value [s].

4. The results of measurements and calculations
Diagnostic measures (parameters) described above have
been determined for 2 experimental tests simulating various
operating states of a diesel engine. Figures 5 and 6 show the
time courses of quick-changeable exhaust gas temperature
obtained from ten consecutive engine operation cycles for
the two considered technical states of the intake air channel.
The presented signals of quick changing temperature were
subjected to mathematical treatment in order to remove
interference from the measuring network. The measured
exhaust gas temperature values achieved during the labora-
tory engine test were filtered using the method of least
squares in the Microsoft Excel software environment.

Fig. 5. Time courses of the quick changeable temperature and exhaust gas
pressure obtained from ten consecutive engine cycles for state 1 — with the
valve regulating the air supply to the engine cylinder fully open

Table 2 presents a summary of the diagnostic parame-
ters determined during the testing of the Farymann engine
type D10 in the two considered technical conditions of the
intake air channel. The data presented in the table are aver-
age values, given for a group of 90 engine operating cycles
recorded during the measurements. They refer to a single
engine cycle for comparative analysis of defined measure-
ment standards of recorded signals. Figures 7 and 8 show
the achieved values of diagnostic parameters in a graphical
form for a more readable interpretation of numerical data.

Fig. 6. Time courses of the quick-changeable temperature and exhaust gas

pressure obtained from ten consecutive engine cycles for state 2 with the

partially closed valve regulating the air supply to the engine cylinder (as in
Figure 1)

Fig. 7. Values of diagnostic parameters, such as the average rate of in-
crease and decrease of exhaust gas temperature within one engine opera-
ting cycle, depending on the technical condition of the intake air channel

Fig. 8. Values of diagnostic parameters such as specific enthalpy and peak-
to-peak exhaust gas temperature within one engine cycle, depending on the
technical condition of the intake air channel

Table 2. Summary of determined values of diagnostic parameters with their standard deviations

Diagnostic parameter ATy [K] h [kJ/kg] AT/At 1 [K/s] AT/At | [K/s]
Technical Operating condition | Peak-to-peak temperature | Specific enthalpy of | Exhaust gas temperature Exhaust gas temperature decrease
condition value [K] exhaust gas [kJ/kg] | increase rate for one ampli- rate for one amplitude [K/s]
tude [K/s]
1 Average value 27.81 259.52 1064.71 615.80
Standard deviation 2.20 5.33 22691 110.08
) Average value 35.18 293.97 1428.78 573.72
Standard deviation 2.73 4.03 272.17 74.33
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5. Comparison of the calculation results

The peak-to-peak value of the exhaust gas temperature
was significantly higher for a partially closed air intake duct
than in the reference state (differences exceeding the standard
deviation). The diagnostic parameter that is averaged over
one engine work cycle of the exhaust gases specific enthalpy
showed a much higher value (apart from the standard devia-
tion) for a test with a partially closed air intake relative to the
reference state. For the diagnostic parameter, i.e. the exhaust
gas temperature increase rate within one engine cycle, large
standard deviations of this parameter are visible (even 20%
of the average value). There is also a significant discrepancy
in the results obtained for each technical condition. Signifi-
cantly higher value compared to the reference state was ob-
served for a state with a partially closed air intake. The ex-
haust gas temperature increase rate also informs about the
dynamic properties of the thermocouple used during labora-
tory tests [15]. The rate of exhaust gas temperature’s de-
crease is also characterized by significant standard deviations

(up to 17% of the average value), as is the case with the rate
of exhaust gas temperature increase. However, there is less
discrepancy between the achieved average values of this
diagnostic parameter. A value significantly lower than the
reference state was observed for a study with a partially
closed air intake. It is also visible that the rate of decrease
of quick changing exhaust gas temperature is about 2 times
lower than the rate of increase of this parameter. This is due
to the slower cooling of the thermocouple than heating.

Diagnostic parameters determined on the basis of meas-
urements of quick-changeable exhaust gas temperature, such
as specific enthalpy, peak-to-peak value and temperature
increase rate, react similarly to changes in the structure of the
engine intake air channel during the laboratory engine tests.

In the next step of the laboratory tests it is planned to
determine Sankey's stream charts. They will be used as an
energy background for studies of the influence of selected
diesel engine defects on the quick-changing signal of ex-
haust gas temperature [4, 20].
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Development of the range extender for a 48 V electric vehicle

The article deals with the concept, development and results of preliminary tests of a range extender for an electric light commercial
vehicle Melex with a 48 V electrical system. The purpose of the project is to build a prototype of the range extender powered by an inter-
nal combustion engine that will increase the range of the vehicle with electric drive, and at the same time will be characterized by a high
efficiency and low exhaust emissions. The developed range extender is a combination of a 163cc single-cylinder combustion engine with
a generator joined through a ribbed belt transmission. The 3-phase generator from a heavy-duty vehicle was used. In order to match the
output voltage of the generator to the system voltage of the electric vehicle, an external adjustable regulator and a rectifier bridge with
an increased operating voltage were used. The range extender was attached to a body of the electric vehicle by means of a welded frame
made of thin-walled steel profiles. Initial tests of the developed range extender showed its proper interaction with both the lead-acid
battery of the vehicle as well as with the nickel-metal hydride battery (NiMH) adapted to 48 V voltage from a hybrid electric vehicle.
A maximum output power exceeding 2 kW was obtained. Maximum value of the overall efficiency of the range extender reaches up to
18.8%, which is a high value considering the small size of the used engine and the type of generator. The directions for further develop-

ment of the range extender were also revealed in this paper.

Key words: electric vehicle, range extender, spark ignition engine, overall efficiency, three-way catalyst

1. Introduction

Nowadays, the emphasis is on the ecology of transport,
with a special place for reducing carbon dioxide emissions.
It is one of the ways to fight the greenhouse effect as well
as environmental pollution. For this reason, hybrid- or all-
electric vehicles are becoming more and more popular. In
hybrid vehicles, part of the electrical energy needed to drive
a vehicle is obtained from an electric machine that recovers
energy while braking the vehicle [11]. It allows for a signif-
icant reduction of fuel consumption by a combustion engine
[17]. In pure electric vehicles, all the energy needed to
drive the vehicle is drawn from the batteries in the vehicle.
In highly developed countries, where renewable sources or
nuclear energy are used to produce electricity, it allows
significant reducing greenhouse gas emissions. In Poland,
electricity which is used to charge electric vehicle batteries,
is mostly obtained at power plants or combined heat and
power plants fired with coal or lignite. In countries produc-
ing electric energy in similar way, the use of electric vehi-
cles as a way of fighting against carbon dioxide emissions
is not very well justified until now. It is true that an electric
vehicle does not emit pollutants and this is itself very bene-
ficial, but its use does not eliminate emissions in a wider
context. Emissions are moved from the place where the
vehicle is used to a place where the power plant is. For
example, in Poland, CO, emissions for each kWh of ener-
gy drawn from the electric grid currently amount to over
800 g [16], which is one of the highest values in Europe.
With the energy demand of about 0.15-0.20 kWh per 1 km
driving for an average passenger car [21], this gives CO,
emissions related to the use of an electric vehicle equal to
about 120-160 g for each kilometer driven. Additionally,
the above estimation does not take into account battery and
charger efficiencies, which are significantly lower than 1
[15]. Modern vehicles with hybrid drive achieve in road
tests a fuel consumptions, which give results of CO, emis-
sions of around 100 g/km [20].

One of the most serious disadvantages in the fast ex-
tending the use of electric vehicles, even in highly devel-
oped countries, is the limited range of these vehicles [8].
This limitation results from the relatively low energy densi-
ty for currently available batteries [5]. In order to mitigate
this inconvenience for end-users, some manufacturers of
electric vehicles provide, as additional equipment, a so-
called range extender [10, 14]. The device is essentially an
auxiliary power unit that usually consists of an electric
generator powered by an internal combustion engine with
a power up to about 30 kilowatts. Such device is automati-
cally activated when the battery state of charge drops below
the limit [19]. It is possible to continue driving, usually at
a limited speed. The most famous electric car with a range
extender optionally available is BMW i3.

Based on the facts provided above in an outline, in the
Students Club of Combustion Engines operating in the
Institute of Automobiles and Internal Combustion Engines
of the Cracow University of Technology, an idea appeared
to create the range extender for an electric vehicle with a 48 V
electric system. The concept of the range extender was
adopted, consisting of a single-cylinder spark-ignition in-
ternal combustion engine driving a three-phase alternating
current generator. The main objective of the project is to
obtain the highest possible efficiency and the lowest possi-
ble CO, emission of the auxiliary power unit by selecting
the optimal operating conditions, modifications of the en-
gine and its additional systems, and then through the use of
alternative fuels. In addition, the development of the range
extender allows Students to use knowledge achieved in the
course of their studies in many fields: design and operation
of machines, combustion engines, electrical engineering,
electronics, control engineering, programming, etc.

In the first phase of development, the use of a gasoline-
powered engine has been proposed, but in the future the
possibility of using more environmentally friendly fuels,
such as bioethanol, natural gas or even hydrogen, is fore-
seen. Compared to conventional fuels the use of bioethanol
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or natural gas would significantly reduce CO, emissions in
a process of electricity production for the vehicle [22]. The
use of hydrogen would practically eliminate the carbon
compounds from the exhaust gases emitted by the engine
[2, 6].

2. Range extender for an electric light commercial
vehicle

2.1. Vehicle

The prototype range extender described in the next sec-
tion has been designed for the light commercial vehicle
Melex 945DS. A general view of the vehicle that is in the
equipment of the Laboratory of Mechatronics of the Cra-
cow University of Technology is presented in Fig. 1.

Fig. 1. Electric light commercial vehicle Melex 945DS

Vehicles of this type in many varieties has widespread
use for transporting goods inside industrial plants, ware-
houses, or as golf carts. They can be also found at airports
and in many Polish city-centers as a transport mean for
tourists. The model used for research purposes is a two-
person vehicle (driver + passenger). The vehicle can also
carry loads up to 150 kg in a cargo space located over a rear
axle. The nominal voltage of the electric system is 48 V.
The energy storage system consists of eight 6V-lead-acid
batteries in series with a capacity of 221 Ah (10 h). The
batteries are located under the driver's and passenger's seat.
The propulsion source is an electronically controlled sepa-
rately-excited DC motor with a rated power of 3.9 kW at
4300 rpm. The power is transmitted from the motor to the
rear wheels through a two-stage gear reducer. The vehicle
in this configuration achieves a top speed of around 30
km/h. The nominal amount of energy stored in the batteries
equal to approx. 10.6 kWh, what allows to drive the distance
of 60 km. The described vehicle has a curb weight of 620
kg (with batteries). The vehicle is equipped with a lighting
system necessary to use in public roads [15].

2.2. Adopted concept of the range extender

The concept of the student project of range extender
foresaw the use of generally available, inexpensive and
easy to control devices. A three-phase alternating current
generator with electromagnetic excitation was used. Alter-
nator propulsion using a single-cylinder spark-ignition
combustion engine through a ribbed-belt transmission was
used, and rectification of the electric current generated in

the alternator was carried out using a 6-diode rectifier
bridge. A diagram of the concept of the range extender is
shown in a Fig. 2.

Fig. 2. Adopted concept of the range extender; ICE — Internal Combustion
Engine, BT — Belt Transmission, GEN — Generator, REC — Rectifier
Bridge, ECU — Electronic Control Unit

The estimated nominal output power of the power unit
is about 2 kW. According to this value and the nominal
voltage of the vehicle electrical system, individual compo-
nents have been selected, which will be described in detail
below.

2.3. Engine of the range extender

After estimating the power required to drive the genera-
tor, it was determined that it would be most reasonable to
use a low power industrial four-stroke engine. A single-
cylinder, forced air-cooled WEIMA 168FA engine with
a displacement of 163 cm’ and a maximum power of 3.8
kW obtained at 3600 rpm was chosen. This is the license
version of the Honda GX 160 engine, which is popular all
over the world.

The basic engine specifications are summarized in Ta-
ble 1.

Table 1. Technical specifications of the engine used in the project

Parameter Value

Engine type four-stroke\, SI, sin'gle-cy'linder,
OHYV, forced air cooling

Displacement 163 cm®

Bore x Stroke 68 X 45 mm

Compression ratio 8.5

Maximum power

3.8 kW at 3600 rpm

Maximum torque

10 Nm at 2500 rpm

Length x Width x Height

304 x 362 X 335 mm

float carburetor
transistorized magneto
splash-type
counterclockwise
15.0kg

Fuel system
Ignition system
Lubrication system
Shaft rotation

Net weight

The engine is equipped with a centrifugal speed gover-
nor, which is very convenient for a propulsion of a genera-
tor. In order to be able to automatically start the engine of
the range extender, apart from a recoil starter, an electric
starter was also used. The float-type, horizontal carburetor
of the engine is equipped with a manually controlled choke
valve. Because of the use of a splash lubrication, the engine
crankshaft is supported in ball bearings. The engine has
a forced air-cooling system. The fan made of plastic is
mounted on the flywheel. As an ignition system a transis-
torized magneto was used. The ignition timing is fixed at
25°CA BTDC.
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Currently, in industrial engines with an output power of
about 3.5 kW, a side-valve arrangement is still relatively
often used, which gives a simple cylinder head design and
low price of the engine, but does not allow to achieve high
performance, thermal efficiency and low exhaust emissions
[4]. The chosen engine is an OHV-type. Two valves are
driven by rocker arms and pushrods from the camshaft
located in a cylinder block. A location of the valves in the
cylinder head allowed a favorable shape of the combustion
chamber, hence the minimum brake specific fuel consump-
tion of the engine at the factory carburetor settings is
around 330 g/kWh. For an engine of this size this can be
considered a beneficial result. The mentioned BSFC results
were obtained by the authors of the work as part of research
conducted in another project.

2.4. Generator and other electrical components

In the project the three-phase AC generator from a
heavy-duty vehicle was used. The used alternator with the
symbol AO004TA0592 was produced by Mitsubishi. The
general view of the used generator is shown in Fig. 3.

Fig. 3. General view of a generator used the project [24]

The generator's rated voltage is 28 V, while the nominal
charging current is equal to 90 A and can be obtained start-
ing from a rotational speed of 6000 rpm. The generator is
excited electromagnetically by a rotor with 6 pole pairs.
Stator windings are connected in a star. The weight of the
alternator is equal to 7 kg. In the factory version, the alter-
nator was equipped with an integrated rectifier bridge and
an electronic voltage regulator.

In order to match the generator's output voltage to the
battery of the electric vehicle, both the rectifier bridge and
the voltage regulator were removed. Due to a need to obtain
a significantly increased output voltage of the generator, the
connection of the stator's windings in the star was retained.
The original rectifier bridge was made of Zener diodes with
a breakdown voltage of approx. 50 V. This value was too
low due to the voltage needed to fully charge the Melex
vehicle batteries, which exceeds 60 V. The range extender
design uses an external six-diode bridge with a maximum
reverse voltage of 1200 V and a continuous output current
of 60 A. After attaching the aluminium heat sink to the
rectifier, it was placed on the support frame bracket in such
a way that it was cooled by air outflowing from the alterna-
tor ventilation gaps. The generator's excitation circuit uses
an adjusted electronic current stabilizer. The regulator al-

lows to maintain the set value of the battery charging cur-
rent under given operating conditions. In a final form of the
range extender, it will be replaced by an automatic regula-
tor of the generator's output parameters that implements
a predetermined battery charging strategy.

2.5. Power transmission

As mentioned earlier, the range extender concept adopt-
ed simple solutions, hence transmission with a ribbed belt
was used to transmit the drive from the engine to the gener-
ator. A belt of 6PK-type for automotive applications was
used. Transmissions with a ribbed belt are characterized by
simple construction, low price, they are quiet and do not
require lubrication. The efficiency of such a transmission
reaches up to 97% at rated load, with a load equal to half
the rated load, the efficiency is slightly lower and amounts
to approximately 95% [23]. These can be considered a high
values, especially taking into account average values of
efficiency obtained by internal combustion engines.

The maximum regulated engine speed is 3600 rpm. At
28 V, the generator requires a speed of at least 6000 rpm to
obtain a nominal output current. The characteristics of the
used generator at the output voltage increased to above 50 V
were not known. However, from the fundamentals of elec-
tric machines, it is known that at the same load and the
same excitation magnetic field, obtaining an increased
output voltage requires approximately proportional increase
of the generator's rotational speed [1]. For this reason, it
was decided to use a multiplier transmission with a gear
ratio of approximately 0.5. Finally, the original 69 mm
diameter pulley was left in the generator, while a 126 mm
diameter wheel was used on the motor shaft, which gives
a gear ratio of about 0.55. The generator pulley width has
been reduced to the width of the 6PK belt by turning method.

The internal combustion engine of range extender has
a counterclockwise rotation direction, while the generator
rotates in a clockwise direction in a powertrain which it
originates. It is true that due to the generation of alternating
current, the direction of rotation of the generator is irrele-
vant, however, both the fan and the excitation circuit
brushes are adapted (optimized) to work in only one direc-
tion. As a result, the internal combustion engine and gen-
erator had to be placed on opposite sides of the belt trans-
mission. On the one hand, this increases the transverse
dimension of the engine-transmission-generator assembly,
but on the other hand it allows the use of a small-length belt,
which does not require additional tensioning pulleys. In addi-
tion, the longitudinal dimension of the engine-transmission-
generator assembly is clearly smaller in this case.

2.6. Support frame

As part of the project, it was planned to mount the pro-
totype range extender in a rear part of the electric vehicle in
a place intended for the cargo space.

In order to be able to mount the system on the vehicle, it
was necessary to design and make a special support frame.
The developed 3D model of the designed item is shown in
Fig. 4.

The support frame is made of thin-walled steel square
pipes. The object has dimensions of 850 mm X 500 mm.
The frame is attached to the vehicle body through rubber-
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metal elements in four points. The purpose of the dampers
is to diminish vibrations caused by the single-cylinder en-
gine of range extender. Unfortunately, the engine has no
balancing shaft, so the role of rubber-metal elements is the
more important. The dampers are attached to the vehicle via
special brackets. Direct mounting of the damping elements
to the vehicle was not possible due to a fact that the body of
the vehicle is made of a plastic of a relatively low mechani-
cal strength.

Fig. 4. Support frame of the range extender: 1 — hole for mounting of

damping elements, 2 — bracket of a rectifier bridge, 3 — hole for mounting

an engine, 4 — bracket of a generator, 5 — area for mounting control devices,
6 — area for mounting an engine management system (in future)

The support frame has a bracket that holds the generator
and a bracket that allows to adjust the belt tension of the
transmission by turning the alternator. The frame is also
equipped with mounting brackets for the rectifier bridge
with heatsink and engine speed sensor. Two shelves were
made in the free spaces of the frame, thanks to which it was
possible to mount the range extender control systems. Per-
forated steel sheets were used to make shelves. Frame ele-
ments were joined together by MAG-method welding.
After finishing the construction works, the frame was
cleaned and covered with two layers of anticorrosive coat-
ing.

2.7. Developed prototype of the range extender

After making the support frame, the range extender
components were mounted on it. Then the ready auxiliary
power unit was mounted on the Melex electric vehicle. The
view of the developed range extender mounted on the
electric vehicle at the place for the cargo space of is shown
in Fig. 5.

The electrical leads of the rectifier bridge have been
connected to the poles of the vehicle battery. Connections
were made using cables with a 6 mm® cross-section. For
safety reasons, double-insulated wires and over-current
protection in the form of fuses were used.

The generator control system has been equipped with
devices for measurements the battery voltage, charging
current and rotational speed of the internal combustion
engine. The generator excitation circuit switch, engine off
switch and starter button are located both on the control

panel of the generator control unit and on the dashboard of
the vehicle so that the range extender can be started and
stopped while the vehicle is being driven. A potentiometer
for adjusting the charging current was placed on the genera-
tor control panel.

Fig. 5. View of the developed 48 V range extender: 1 — engine, 2 — gener-
ator, 3 — support frame, 4 — rectifier bridge, 5 — generator control unit, 6 —
relays and voltage converter for a starter motor

The used engine electric starter is intended for operation
at 12 V. To avoid the need to use an additional battery with
this voltage, the starter is supplied from 48 V vehicle batter-
ies via a DC-DC voltage converter.

3. Stationary research of the range extender

3.1. Preliminary tests of an efficiency of the range
extender

Preliminary tests of the developed range extender were
carried out when the engine with the generator was mount-
ed on the test frame, and the electric vehicle was equipped
with a nickel-metal hydride (NiMH) battery instead of
a lead-acid battery. These batteries were adapted to an elec-
tric vehicle from a hybrid car. The main issue of the adapta-
tion was the proper connection of the modules so that the
output voltage of the pack match the system voltage of the
Melex vehicle. Finally, a package with a nominal voltage of
50.8 V and a capacity of 32.5 Ah was obtained. The aim of
the work was to develop a lightweight battery pack allow-
ing for increasing the payload of an electric vehicle. More
information for readers interested in this topic can be found
in [16].

The carried out preliminary research was aimed at veri-
fying the feasibility of the range extender project built ac-
cording to the adopted concept and using the chosen com-
ponents.

Already the first tests have confirmed that the adapted
generator powered by the chosen combustion engine ena-
bles effective charging of the battery of the electric vehicle.
A NiMH battery pack charging current exceeding 35 A was
obtained.

A quantitative assessment of the range extender's opera-
tion consisted in examining the overall efficiency of the
power unit at selected operating points (engine rotational
speed—battery charging current). The overall efficiency
means that this is considered as an energy delivered to the
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battery pack referred to an amount of used fuel. In particu-
lar, the overall efficiency of the range extender was calcu-
lated using formula (1):

NRe = 100 —RE (1)
where: Ngg — overall efficiency of the range extender, %,
Egg — energy delivered by the range extender, kJ, m; — mass
of a gasoline consumed in the test, kg, LHV — lower heating
value of the gasoline, kJ/kg.

A denominator of the formula (1) represents the amount
of chemical energy of fuel consumed by the engine during
each test. The petrol LHV value of 43,000 kJ/kg was used
for calculations [13].

The energy delivered to the battery by the range extend-
er Egg was calculated using the following general formula:

t
Ere = ftol Vbar - [rg dt (2)

where: Vy, — battery voltage, V, Izg — current delivered by
the range extender, A, t — time, s, 0/1 — start/end of the
measurement.

The registration of measurement results was carried out
using a digital data acquisition card, thus finally the formu-
la for calculating the energy delivered to the battery has the
form:

Erg = Z:lzto Vbat * Irg - At 3)

The measurement frequency was 10 Hz, so the time step
At was 0.1s in the formula. The measurement of fuel con-
sumption was carried out using a laboratory digital scale.
Due to the measuring range of the data acquisition card for
measuring the battery voltage, a resistive divider with 1: 6
attenuation was used. The charging current was measured
with a contactless transducer using the Hall effect. The
measuring range of the transducer was 70 A, while its sen-
sitivity was 33 mV/A.

The efficiency measurements were carried out at three
operating points. In each of the tests, the consumption time
of 100 g of fuel was measured. As the system was assem-
bled in the test version, it was decided to perform meas-
urements at a charging current not exceeding the safe value
of 20 A. The first test was carried out at a speed of 2,900
rpm and an adopted load of 20 A. The second measurement
was made for the same lever position of the engine speed
governor, but with a reduced load value — 9 A. Due to the
reduced engine load, the rotational speed in this test was
slightly higher — around 3000 rpm. The last, third experi-
ment was made at a set speed reduced to 2550 rpm. In the
third test, the load was adopted to be the same as in the first
measurement, i.e. 20 A.

Figure 6 shows exemplary graphs of the range extender
operating parameters at 20 A load and an engine speed set
to 2550 rpm (Test No. 3).

The value of the excitation current allowing to obtain
the desired value of the charging current was set at the
beginning of the test, and then it was not corrected any-
more. Because of this, the current delivered by the range
extender decreased slightly during the test. This was the
result of a gradual increase in the battery voltage. During

the test no. 3 the range extender delivered about 585 kJ of
electric energy to the battery.

Results of the overall efficiency tests of the range ex-
tender for the three measurement points are summarized in
Table 2.

Fig. 6. Range extender operating parameters in the function of a charging
time at 2550 rpm and Irg ~ 20 A

Table 2. Summary of the results of measurements of an overall efficiency
of the range extender

P Test No.
arameter 1 5 3
Current delivered by | setpoint 20 9 20
RE, Iz [A] average in the test 18.9 8.6 20.1
Engine rotational speed, n [rpm] 2900 3000 2550
Charging time, t [s] 505 688.2 | 501.6
Fuel consumption, mg [kg] 0.1 0.1 0.1001
Energy delivered by RE, Egg [kJ] 523.31 | 335.83 | 584.95
Opverall efficiency of RE, nge 12.2 7.8 13.6

Due to slight variability of the range extender output
current during the test, the table lists both current setpoints
as well as averaged values from the actual measurement.
Figure 7 presents a comparison the overall efficiency of the
range extender.

Fig. 7. Comparison of the overall efficiency of the range extender in dif-
ferent operating points

The maximum efficiency of the range extender in the
preliminary experiments was 13.6% and was obtained at the
load 20 A and at the engine rotational speed 2550 rpm.
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This can be explained by the fact that under the given con-
ditions the engine load was the highest. Similarly, due to
the properties of the used generator, it is advantageous that
the desired current value is obtained at the lowest possible
rotor speed, i.e. at the lowest frequency of the generated
alternating current [1]. The result obtained in the second
test confirms that the operation of the power unit at the low
load is inefficient. For this reason, the operation of the
range extender in the low load region should be avoided.

3.2. Overall efficiency and exhaust gas toxicity
of the range extender with air-fuel ratio correction
After installation the range extender assembly on the
electric vehicle, further research and development work
was carried out. One of the directions of further develop-
ment of the design was the adaptation of a motorcycle ex-
haust system with an integrated three-way catalytic con-
verter. These actions were taken to reduce the noise emitted
by the power unit [7], but also to reduce concentrations of
toxic exhaust compounds in the future. The used silencer
comes from a Yamaha Majesty S XC125R motorcycle with
a 125 cm’ displacement engine and a maximum power of
8.8 kW at 7500 rpm. A view of the range extender with the
adapted motorcycle exhaust system is presented in Fig. 8.

Fig. 8. An adapted exhaust system mounted to the range extender: 1 —
exhaust pipe, 2 — muffler with TWC, 3 — wideband oxygen sensor

Adaptation of the exhaust system for mounting to the
range extender required the use of a new pipe connecting
the cylinder head exhaust port to the muffler. An oxygen
sensor was installed in the new exhaust pipe to allow
a regulation of the air-fuel ratio in a closed loop. In the next
stage of development of the range-extender, a system for
maintaining the stoichiometric air-fuel ratio of the mixture
will be prepared so that the catalytic converter integrated in
the exhaust system can operate effectively [12]. The re-
search of the range extender equipped with a new exhaust
system was aimed at verifying the considered method of the
maintaining stoichiometric AFR, as well as an evaluation of
the operation of the catalytic converter under these condi-
tions. As the result of previous activities, it was revealed
that with the carburetor factory settings, the engine is fed
with a rich mixture. The value of relative AFR ()) is varia-
ble between 0.8 and 0.9, depending on the engine load and
rotational speed. This makes, that it is possible to supply
additional air downstream from the carburetor in order to
dilute the mixture so as to obtain a stoichiometric air-fuel
ratio.

In addition, as part of the carried out work, the overall
efficiencies of the range extender fed with the mixture
without modifying its air-fuel ratio, and after obtaining the
stoichiometric AFR were compared.

In order to supply an air stream after the carburetor,
a stub pipe was added to the intake port of the cylinder
head, which was connected to an additional throttle valve
via a rubber hose. The purpose of the valve was to regulate
the air flow that dilutes the air-fuel mixture formed in the
carburetor. The concept of modification of the intake sys-
tem is shown in Fig. 9.

Fig. 9. Scheme of a modification of the air intake system: 1- intake port,
2 — intake valve, 3 — carburetor, 4 — additional-air valve, 5 — additional-air
port

Comparative tests using the mixture composition regu-
lation were carried out at a rotational speed of approximate-
ly 3400 rpm and a load of about 42 A. With a battery volt-
age of 52-53V, this gives the output power of the range
extender within 2.2 kW, which is significantly higher than
that obtained in the previous tests. This was possible be-
cause the range extender was already mounted in the vehi-
cle on the support frame made in a target form. The meth-
odology of the conducted research was analogous to that
described in subsection 3.1. The only difference was that
the range extender was mounted in the space previously
occupied by the NiMH battery, hence the load for the range
extender was this time lead-acid batteries. However, this
fact did not affect the results. As before, the period of regis-
tration of the operating parameters of the range extender
was determined until the engine consumed 100 g of fuel.
Arcon Oliver K-4500 gas analyzer was used to determine
the exhaust composition and conversion efficiency of the
catalyst. The analyzer allows the measurement of CO, CO,,
HC, NO, and O, concentrations in dry exhaust gas. The
relative air-fuel ratio is calculated by the analyzer based on
the exhaust gas composition. In order to measure the com-
position of the exhaust gas, two exhaust gas intake points
were made, one in the pipe in upstream from the catalyst,
and the other in the muffler downstream from the reactor
support.

During the first measurement the engine operated with a
closed additional-air valve. As the second, a test was car-
ried out in which the mixture formed by the carburetor was
diluted by additional air supplied downstream from the
throttle. The opening degree of the additional air valve was
adjusted so as to obtain a stoichiometric AFR.
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Figure 10 presents graphs of energies delivered to the
battery and overall efficiencies of the range extender ob-
tained in the both measurements.

Fig. 10. Comparison of energies delivered to battery and efficiencies of the
range extender working with factory settings (A 0.91) and with a modified
relative AFR (A 1.0) by the supplying of additional air

When the engine was running without additional air, the
mixture composition oscillated around the value of relative
air-fuel ratio of 0.91. When using the dilution of the mix-
ture with additional air, the fuel consumption of the engine
decreased, hence the time of consumption of 100 g of fuel
increased. For this reason, in the second test, the generator
delivered a significantly larger amount of electricity to the
battery, and this gave a significant increase in the overall
efficiency of the range-extender when fed with a mixture of
stoichiometric air-fuel ratio.

Figure 11 shows the results of the exhaust composition
measurement in the both experiments. In the first measure-
ment, with the unmodified air-fuel ratio of the mixture, the
composition of the exhaust gases upstream from the catalyt-
ic converter (A 0.91) was recorded. During the second
measurement, the compositions of exhaust gas both up-
stream from (A 1.0 upstr. TWC) and downstream from the
catalytic reactor (A 1.0 dwnstr. TWC) were recorded. This
made it possible to evaluate the conversion efficiency of the
reactor being part of the new exhaust system.

Fig. 11. Comparison of CO, CO,, HC and NOy concentrations in exhaust
of the RE engine working with factory settings (A 0.91), as well as with
AFR modification (A 1.0)

During operation without adding air downstream from
the carburetor, the engine was fed with a rich mixture, hence
a high CO concentration and a relatively low NO, concentra-
tion in the exhaust. The correction to the stoichiometric AFR

resulted in a significant decrease in the concentration of
carbon monoxide, but also in an increase in the concentration
of NOy upstream from the catalytic converter. This was ex-
pected when shifting from a rich to stoichiometric mixture. It
was also observed, that the concentration of hydrocarbons
upstream from the catalytic converter was higher by 10 ppm
in relation to the result for the composition of the mixture A =
0.91. This may be due to the deterioration of the fuel atomi-
zation conditions associated with the reduction of the air flow
rate through the carburetor when additional air is supplied.
However, this was not a particularly large increase. It should
also be noted that particularly for a low-power engine fed by
a carburetor, a very favorable proportions of CO to CO,
upstream from the catalytic converter was observed when the
engine was fed with a stoichiometric mixture. This indicates
that the mixture was correctly prepared, as well as combus-
tion process occurred properly.

Figure 12 shows the results of conversion efficiency
when engine was fed with a stoichiometric mixture. Effi-
ciencies were calculated from exhaust gas compositions
upstream from and downstream from the catalytic converter
that were presented above.

Fig. 12. Conversion efficiency of TWC during operation of the engine
with stoichiometric air-fuel ratio

The use of modification of the air-fuel ratio by dilution
with additional air caused that the catalytic reactor integrat-
ed in the new exhaust system started to work. The conver-
sion efficiency for CO and NOy obtained relatively high
values. In the case of hydrocarbons, a lower efficiency was
obtained. This is usually observed for reactors, that were
aged in a some extent, like the one used. In any case, the
concentrations of toxic compounds downstream from the
catalytic converter, when the engine is running with the
stoichiometric mixture are clearly lower than those record-
ed when working with the unmodified AFR (A = 0.91). This
confirms the correctness of the adopted concept of the air-
fuel ratio adjustment in order to enable decreasing of toxic
components emissions of the developed range extender.

4. Road tests of the vehicle equipped with RE

In order to determine the impact of the range extender
implementation on the traction parameters of the electric
vehicle, road tests were carried out. During the tests the
vehicle behavior was compared at an acceleration from v =
0 to v = vy, with RE off, and then with RE turned on. In
tests, the vehicle load was the driver and passenger, which
together with a weight of the range extender gives the total
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vehicle weight of 820 kg. The engine rotational speed was
set at 3450 rpm, while the current delivered to the battery
was approximately 40A. During the tests, the vehicle bat-
teries remained charged at around 70%. With a higher state
of charge, turning on the range extender could adversely
affect the life of the batteries.

Figure 13 presents a comparison of waveforms of the
battery voltage, the battery current and the vehicle speed in
acceleration tests with the range extender switched off and
then running.

Fig. 13. Comparisons of battery parameters and vehicle speed during
acceleration with the range extender off (dashed) and running (solid)

The use of the range extender causes a significant de-
crease in the current drawn from the batteries while driving
at a speed close to maximum. The decrease of the current
drawn from the battery causes that proportionally smaller
decrease in battery voltage under load are observed. The
increase in the voltage of the battery operating under load
by about 2 V, caused by the decrease of the voltage drop on
the internal resistance of the batteries [9], resulted that the
maximum speed of the vehicle with the range extender
running increased by approx. 1 km/h. The use of the auxil-
iary power unit also had an impact on reducing the acceler-
ation time of the vehicle from O to 24 km/h. With the range
extender off, it was 8.4 s, and when driving with the RE
turned on, this time has been shortened to 6.8 s.

5. Conclusions and further development

The first stage of the project development was complet-
ed. The developed range extender works correctly both in
stationary conditions and when driving a vehicle. At several
selected measurement points, the overall efficiency tests
were carried out, during which promising results were ob-
tained. In the further part of the work, the engine exhaust
system was modified by using a muffler with a three-way
catalytic converter. The use of a simple method of regulat-
ing the air-fuel ratio of the mixture allowed to verify the
efficiency of the engine's cooperation with the exhaust gas
aftertreatment system. The use of a three-way catalytic
reactor, when the engine is running a stoichiometric mix-
ture, significantly reduces the emission of toxic exhaust
components. In addition, the leaning the mixture formed by
the carburetor up to stoichiometric ratio in the last of the
analyzed measurement points resulted in obtaining the most
favorable, so far, result of the overall efficiency of the de-
veloped RE amounting to 18.8%. Taking into account the
low output power of the auxiliary power unit, the efficiency
can be considered very beneficial. A positive result of the
verification of the method of regulation the stoichiometric
mixture, confirms the desirability of developing the AFR
automatic correction system.

The results of the carried out work allowed also to de-
termine the area and extent of further work on the devel-
oped range extender. In the next step, these activities will
be focused on the development of an automatic control
system of the range extender. The next research of the effi-
ciency of the power unit at various points of its operation
map will allow to determine the effective algorithm for
controlling the engine speed depending on the demand for
electrical power. As mentioned in the introduction, it is also
planned to introduce modifications to the engine and fuel
system oriented at increasing the overall efficiency and the
use of alternative fuels, what will allow for a significant
reduction of CO, emissions. To accomplish these goals it
will be necessary to equip the engine with an integrated
injection-ignition system [3]. Among engine modifications,
an application of a strategy of the late intake valve closing
allowing the implementation of a work cycle with increased
expansion (Miller—Atkinson) is considered [18].
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Nomenclature

NRre overall efficiency of the range extender, % CA crank angle, degrees

A relative air-fuel ratio dwnstr. downstream from

AFR  air-fuel ratio ECU electronic control unit

APU  auxiliary power unit Ere energy delivered by the range extender, kJ

BSFC  brake specific fuel consumption, g/kWh GEN  generator

BT belt transmission Tpac battery current, A

BTDC before top dead center Ire current delivered by the range extender, A
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ICE internal combustion engine SI spark ignition
LHV  lower heating value, kJ/kg t time, s
my mass of a gasoline consumed in the test, kg TWC  three-way catalyst
MAG metal active gas upstr.  upstream from
n engine rotational speed, rpm v vehicle speed, km/h
OHV  overhead valve Vbat battery voltage, V
RE range extender w/o without
REC  rectifier bridge
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Rafat KRAKOWSKI

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

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

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

Key words: technical diagnostics, exhaust composition, engine indication, exhaust gas analysis, marine diesel engine

1. Introduction

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

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

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

3. Exhaust gas composition in marine diesel
engines

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

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

4. Diagnosing the technical condition of the marine
diesel engine

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

5. Exhaust gas analysis

5.1. Methodology for determining the amount

of air supplied to the fuel

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

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

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

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

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

_ 21%0,

T 21%0,-Ug,

@)

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

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

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

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

where the fuel differentiator is defined by the formula:

h—0.125(0—5)

a=237 “)

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

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

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

21
0.605+a

(6)

tmax =

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

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

6.2. The secondary method

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

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

7. Research on the laboratory test stand

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

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

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

Current type Variable

Electric voltage 400 V

Current frequency 50 Hz

Rotation speed 750 rev/min

Cylinder diameter 250 mm

Piston stroke 300 mm

Engine power 396 kW

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

Fig. 1. SULZER 3AL25/30 engine

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

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

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

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

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

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

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

Table 3. The oxygen content in the exhaust gases

No. | Parameters Value Unit Oxygen (0O,)
1. | Density in temp. 15°C 0.8287 g/cm’ Engine load 50 kW 120 kW 200 kW
2. | Kinematic viscosity in temp. 40°C 2.789 mm’/s Engine without damage 15% 13.7% 12.5%
3. | Cetane number 51.0 - Damaged injection
4. | Solid impurities content 6 mg/kg pump No 2 15:4% 13.9% 12.3%
5. | Polycyclic aromatic hydrocarbons 0.5 %(m/m) Air outlet in the 15.3% 13.3% 11.5%
6. | Content of fatty acid esters 7.0 %(V/V) turbocharger ) ) )
7. | Calorific value of fuel 42657 kJ/kg
8. | Density of fuel 828.7 kg/m’ For the damaged injection pump and turbocharger the

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

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

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

sions of toxic compounds in exhaust gases. The principle of

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

Iyte and membranes depends on the type of gas detected by

the sensor. Measurement results can be sent to a computer

or printed in a built-in printer.

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

10. Test results

10.1. Oxygen content in the exhaust gases

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

amount of oxygen in the exhaust gas is higher compared to
the normal state, but then also decreases respectively from
15.4% to 12.3% and from 15.3% to 11.5%.

Fig. 3. The influence of the engine load on the oxygen O, [%] content
indicated by the analyzer for various engine states

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

Fig. 4. Fuel consumption by a marine engine for three loads in different
engine states

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

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

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

Table 4. The carbon monoxide content in the exhaust gases

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

According to what was written above, the state of disa-
bility is conducive to the formation of incomplete combus-
tion components, which include carbon monoxide. For
example, for a damaged injection pump, the amount of
carbon monoxide was more than 200 ppm higher than for
a normal state at the same load.

Fig. 5. The influence of engine load on the carbon monoxide CO [ppm]
content indicated by the analyzer for various engine states

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

10.3. The nitrogen oxides content in the exhaust gases

As in previous cases, the increase of nitrogen oxides
(NOy) in the exhaust gases is caused by the increase in
engine load (Table 5) and additionally by the higher and
higher exhaust gases temperature.

Fig. 6. Engine exhaust temperature 3AL25/30

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

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

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

10.4. The carbon dioxide content in the exhaust gases

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

Table 6. The carbon dioxide content in the exhaust gases

Carbon dioxide (CO,)
Table 5. The nitrogen oxides content in the exhaust gases Engine load 50 kKW 120 kW 200 kW
Nitrogen oxides (NOy) Engine without 439 s 39, 62
Engine load 50 kW 120 kW 200 kW damage 270 57 2%
Engine Wthf)ut fiamage 700 ppm 1130 ppm 1201 ppm Eljlnr?sfi?g ;nj ection 4% 5.1% 6.3%
lenr?aieg jeetion 820 ppm | 1179 ppm 1271 ppm ST
ir outlet in the
turbocharger 842 ppm 1289 ppm 1362 ppm

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

These similar values may be due to the fact that there is
a greater increase in carbon monoxide as a result of incom-
plete combustion. On the other hand, imperfect combustion
conditions affect the level of carbon dioxide, which has not
been created as much as in the case of complete combustion
(Fig. 8).

COMBUSTION ENGINES, 2019, 177(2)

125



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

Fig. 8. The influence of engine load on the content of carbon dioxide CO,
[%] indicated by the analyzer for various engine states

11. Conlusions

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

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

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

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

Nomenclature

C,H,, hydrocarbons (0)) oxygen

CO  carbon monoxide PM particulate matter

CO,, carbon dioxide RCHO aldehydes

DO diesel oil SCR  selective catalytic reduction
NO, nitrogen oxides SOy sulphur oxides
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Concept of using the heat pipes in the heat exchanger of diesel engine exhaust
system intended for use in potentially explosive atmospheres

Limiting the temperature of exhaust gases to below 150°C is one of the necessary conditions for diesel engine to be used in
a potentially explosive atmosphere. For this purpose heat exchangers are necessary to be used. This article presents the concept of
exchanger in which heat pipes are used to transport thermal energy from the exhaust gases to the cooling medium.

Key words: exhaust system, heat exchanger, heat pipes, temperature of exhaust gases, hard coal mining

1. Introduction

Operation of diesel engines in the areas threatened by
methane and/or coal dust explosion hazard is possible only
after meeting the required technical conditions [1, 3, 4, 13].
Limitation of surface temperature as well as temperature of
exhaust gases below 150°C are among these conditions.
Diesel engines used in the areas threatened by explosion
hazard most frequently have the useful power within the
range from 80 to 160 kW [5]. As the heat transported with
exhaust gases is similar to the heat transformed into useful
work [8], it is necessary to collect big amount of energy
from exhaust gases and then to dispersed it or to recuperate
it [7].

Different types of the heat exchangers e.g. those de-
scribed in [3, 6] are used to reduce exhaust gases tempera-
ture.

Air quality i.e. emission of pollutants by diesel drives is
the other especially important aspect. In 2016 the Regula-
tion of the European Parliament and of the Council [12] on
the accepted level of harmful substances emission by mo-
bile machines operating in a potentially explosive atmos-
pheres was issued. The requirements can be compared with
the requirements of stage IIIA of the diesel engine directive
repealed by this regulation [11]. For the reasons described
in [1, 3], diesel engines used so far by the Polish manufac-
turers meet the requirements of the repealed directive [11].
in the scope of the stage II and in some cases the stage IIIA.

To improve the quality of exhaust gases emitted to a po-
tentially explosive atmosphere, the concept of outlet sys-
tem, described in [3] was suggested. This article is focused
on the concept of heat exchanger based on heat pipes and/or
thermosiphon pipes.

2. Heat pipes and thermosiphon pipes

Heat pipe is a passive device of a very long lifetime
[14]. Generally the heat pipe is a vacuum, tightly closed
thin-wall pipe filled with capillary structures, so called
wick, and partially with the working fluid. Heat pipes have
a very high heat transfer coefficient from 10 000 to 100 000
W/mK comparing to 400 W/mK for copper [21]. They use
two-stage, close evaporation circuit and then condensation
of the working fluid. The following three zones can be
distinguished in a heat pipe:

— evaporation zone — heat is delivered to this zone and
evaporation of working fluid takes place,

— adiabatic zone — where there is a heat transportation
between evaporation zone and condensation zone with-
out heat exchange to atmosphere,

— condensation zone — where heat from vapour is trans-
ferred to pipe outer space, so the vapour is condensed.
The condensed fluid returns to the evaporator through
the wick structure by capillary action.

The phase change processes and two-phase flow circu-
lation continue as long as the temperature gradient between
the evaporator and condenser is maintained.

Fig. 1. Illustration of heat pipe operation [21]

Temperature range in which the heat pipes operate
properly as well as their lifetime depend on a type of work-
ing fluid used and the envelope. In Table 1 sample fluids
and the respective operational temperature ranges are given.

Use of heat pipes in place of homogeneous heat con-
ductors (rods), allows to limit the dimensions and mass of
heat exchangers. For instance, a heat pipe of a diameter
6 mm, length 30 cm, at temperature difference of 3°C can
transfer 180 W of heat. To achieve the same effects using
a homogeneous copper pipe of the same length, its diame-
ter would have to be 24.4 cm and the weight would be
around 125 kg [10].
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Table 1. Working fluid with practical temperature limits [19]

Operating min temp., Operating max temp., Working
°C °C fluid
=271 -269 Helium
-170 0 Ethane
-150 40 Propylene
-60 ~251t0 100 Methanol
=50 ~100 Acetone
20 280, short term to 300 Water
100 350 Naphthalene
200 300 Dowtherm A/Therminol
VP
200 400 AlBr3
400 600 Cesium
500 700 Potassium
600 1100 Sodium
1100 1825 Lithium

Thermosyphons are one of different types of heat pipes
[23]. Unlike the heat pipes, which, due to the capillary
structure (wick), can work at any orientation [24], thermo-
siphons use gravity at the return of the condensed liquid in
the condenser zone. For this reason, the evaporator zone
must be located below the condenser zone.

The above feature of thermosiphons may be treated as
their disadvantage, however, it should also be borne in
mind that by changing the orientation of a heat pipe with
a wick, its possibilities in terms of the amount of transport-
ed heat change as well. The highest efficiency of the heat
pipe is achieved in vertical operation when the evaporation
zone is below the condenser zone. Then the return of con-
densed working medium from the condenser zone to the
evaporator zone, in addition to the capillary forces, is sup-
ported by the force of gravity.

The superiority of thermosiphons over heat pipes should
primarily include the fact that they are able to transfer high-
er thermal power while maintaining the same diameter, and
that their length can be almost unlimited — a typical heat
pipe length is < 25 cm, while for geothermal applications
thermosyphons with a length of more than 50 m are manu-
factured [24].

3. Concept of an exhaust system and a heat
exchanger for the mining diesel drive

It is suggested to use diesel oxidation catalyst (DOC)
and a diesel particulate filter (DPF) to improve quality of
exhaust gases. Thanks to the use of the DOC reactor,
a significant reduction of CO and HC concentrations in
exhaust gases is expected (> 90%) [2].

In order to meet the safety requirements related to meet-
ing the surface temperature limit of 150° C, it is necessary
to equip the reactor with a water jacket. On the other hand,
cooling the reactor surface can reduce the efficiency of the
DOC reactor. For this reason, it is suggested to apply addi-
tional air insulation between the surface of the reactor and
the water jacket (Fig. 2).

The heat exchanger concept using heat pipes (Fig. 3)
provides using two separate sections: the exhaust section
and the cooling water section. Heat transfer between the
sections will be mainly through heat pipes / thermosiphons.
Due to the fact that heat pipes obtain the highest efficiency

at operation, where the evaporator part is located below the
condenser part, the exhaust section is provided below the
cooling water section. To increase the area of heat transfer
from exhaust gases, lamellas (radiators) will be placed on
the pipes. In order to achieve greater efficiency in heat
transfer from exhaust gases, the stream of exhaust gas and
cooling water will be directed countercurrently.

Fig. 2. Exhaust system concept with an aftertreatment system, adapted to
operate in potentially explosive atmospheres

Fig. 3. Heat exchanger concept using heat pipes/thermosyphons

Number of heat pipes required for construction of the
heat exchanger cooperating with an engine of maximum
power 80 kW was assessed within the project. It was as-
sumed the for maintaining the safety coefficient, exhaust
gases should be cooled down to temperature 100°C (instead
of limit value equal to 150°C). Heat conveyed with exhaust
gases can be calculated according to the following formula:

Qw = (Gr + Ga) ¢, (Ty - To) ey

where GF — fuel consumption per hour, GA — air consump-
tion per hour, ¢, — specific heat of exhaust gases, Ty — tem-
perature of hot gases, T; — ambient temperature

Basing on [5], for determination of heat conveyed with
the exhaust gases, it was assumed that Q. = Qw (Q. — heat
converted to the useful work). Temperature increase is an
expected result of using the catalytic reactor in the dis-
cussed concept of exhaust system. It was assumed that
temperature increase would be not greater than 80°C [9].
Impact of temperature increase on amount of heat conveyed
with exhaust gases will be compensated by an assumption
that the gases will be cooled down to 100°C and not to
ambient temperature — constant temperatures Ty and Ty
does not affect Qw in formula (1).
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Finally it was assumed that Q. = Qy and for the discussed
engine of maximum useful power ~ 80 kW, it was assumed
that power which should be taken from exhaust gases to
reduce gases temperature to 100°C is Qwmax = 80 kW.

Expected maximum temperature of exhaust gases is
550°C. Taking into account the fact that heat pipes operate
in limited temperature range (Table 1), to cover the re-
quired temperature range from 100°C to 550°C, different
types of heat pipes should be used. For the discussed case,
the heat pipes filled with the following liquids: Water,
Naphthalene, AlBr; (Aluminium bromide) and Caesium
were selected. Most often, heat pipes manufacturers inform
about the maximum conveyed power only for one engine
operating point. Additionally, the available data relate only
to the heat pipes filled with water or methanol. For the
above reasons, the characteristics that can be obtained using
the calculator for heat pipes filled with water of one of the
manufacturers [22] was used for further analyses. Charac-
teristics of heat pipe of length 400 mm, diameter %2”, length
of evaporator and condenser equal tol50 mm, operating in
a vertical position, where the evaporator zone is below the
condenser zone, is presented in Fig. 4.

Fig. 4. Curve Qu. = f(operating temperature) for a water heat pipe [22]

The above characteristics are not available for the heat
pipes other than water filled ones. But, for Intermediate
Temperature heat pipes the characteristic given in Fig. 5 is
available.

Fig. 5. Theoretical heat pipe power for different fluids [20]

Considering the fact that in the case of intermediate
temperature heat pipes, the transferred power is greater than
for a heat pipe filled with water, for the discussed range of
operating temperatures and each of the selected heat pipes
has a similar range of operation, it was assumed that for the
same geometric dimensions (diameter, total length as well
as size of each heat pipe zone) having an impact on trans-
ferred power, ability in heat transfer will be similar.

By transposition of the characteristics from Fig. 4 (for
the pipe ¥2”) to the pipes filled with naphthalene, AlBr; and
Caesium within the operating temperatures as in Table 1,
we obtain a family of characteristics presented in Fig. 5.
Part of the characteristics delivered by the manufacturer
[22] is drawn by a solid line. As the characteristics deli-
vered by the manufacturer was limited to 220°C and the
manufacturer in his information material accepts possibility
of using this pipe to temperature 280°C (Table 1), further
part of this characteristics was extrapolated using the poly-
nomial degree 2. Extrapolated part of the characteristics for
a water pipe is presented as dashed line. The relationships
for other pipes were also determined by extrapolation and
they were also presented as dashed lines.

Fig. 6. Curves Qumax = f(operating temperature) for analysing the type of
working fluid

Basing of the above figure, transferred heat power was
assumed depending on temperature range given in Table 2
— for the safety reason heat power values lower than those
resulting from the characteristics were accepted.

Table 2. Transferred heat power depending of the working fluid and
operating temperature range accepted for the analysis

T, [°C] T, [°C] Working Fluid Q[W]
100 150 Water 250
150 220 Water 300
220 300 Naphthalene 300
300 400 AlBr3 300
400 480 Caesium 150
480 550% Caesium 300

* — maximum temperature of exhaust gases

Due to the fact that information on fuel burning process
and air demand for the discussed engine, the product (Gg +
Ga) * ¢, was determined from the following relationship:

Qw = (GF + GA) *Cp (TH_ TL)

Q. = 80 kW
Tx = 550°C
Ty = 100°C
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(Gp+Gy) - ¢,=178 W/°C 2)

To estimate the power which should be taken from ex-
haust gases in each temperature range given in Table 2, the
following formula was used:

Qui =178 (T, -T)) 3

where T, and T, — higher and lower temperature for the i"
temperature range from Table 2.

From the product of heat (Qy;), which should be trans-
ferred in the given temperature range as well as from heat
which can be transferred by a single pipe (Qpp1), minimum
number of required pipes was calculated. Calculation re-
sults are given in Table 3.

Table 3. Calculation results

Mot pG e QW Qv QO
Caesium 550 480 12444 300 42
Caesium 480 400 14222 150 95
AlBr3 400 300 17778 300 60
Naphthalene 300 220 14222 300 48
Water 220 150 12444 300 42
Water 150 100 8889 250 36
Total 80000 323

Qup1 — assume power of a single heat pipe in the given tempera-
ture range [W]
Quwi / Qnp1 — number of pipes of the given type [pcs]

4. Safety

Safety is the most important aspect, especially in the
underground coal mining industry. In connection with the
above, the safety solutions should be taken into account.
Heat pipes do not pose any danger if proper operate. How-
ever, in the risk analysis, also emergency states should be
considered. This is particularly important for the pipes
where substances such as water are used as a working fluid.
Unsealing of the tube, e.g. as in a result of vibrations during
operation is the main risk that can happen. As a result of
leakage of the tube, the working fluid may escape to the
atmosphere if the leakage is in the exhaust section, and / or
to the cooling medium, if the leakage is in the water sec-
tion. Hazard statements being a part of Globally Harmo-
nized System of Classification and Labelling of Chemicals

(GHS) [16] are used for assessment of hazards resulting
from chemical substances or their mixtures. In Table 4, the
hazards posed by each working fluid used in the discussed
heat pipes, are listed.

Table 4. Type of hazards for each working fluid

Working Hazards
Fluid
. H260 — During a contact with water self-ignited flam-

Ca[elssu]lm mable gases are released.
H314 — Causes a serious skin burns and injuries to eyes.
H314 — Causes a serious skin burns and injuries to eyes.

AIBr3 [18] EUHO14 — Reacts violently with water.

In the result of hydrolysis, HBr is released.
H228 — flammable in the solid state

Naphtha- . . .

lene [17] H410 - Is very toxic to water organisms, causing long-

lasting effects.

5. Conclusions

The article presents the concept of exhaust gases outlet
system. The expected benefits of the presented concept are
as follows:

— significant reduction of CO, HC emission with exhaust

gases (> 90%),

— smaller dimensions of the heat exchanger used for cool-
ing the exhaust gases,
— lower weight of the entire exhaust system.

Heat pipes have much greater heat transfer power com-
paring to solid conductors of the same dimensions. This is
why their use is a very attractive option in relation to the
current solutions.

For the safety reason, use of the pipes filled with other
fluid than water, exclude them from using in underground
mine workings.

In further research work the analysis of using the water-
filled heat pipes to increase the efficiency of the currently
used heat exchangers, e.g. for dissipation of the coolant
heat, is considered.

The use of thermosiphons instead of the analysed heat
pies enables a reduction in the number of the required
pipes.

Due to the lack of characteristics of power transferred in
heat pipes and thermosiphons in a function of temperature,
further tests are planned to determine them.
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Tribological study of high-pressure fuel pump operating with ethanol-diesel fuel
blends

This paper presents comparative experimental study’s results of ethanol-diesel fuel blends made effects on operational properties of
a high-pressure fuel pump of a common rail injection system. The two identical fuel injection systems mounted on a test bed of the fuel
injection pumps were prepared for the experimental durability tests. The lubricity properties of ethanol-diesel fuel blends E10 and E20
blends were studied using a four-ball tribometer. The test results showed that long-term (about 100 hours) using of ethanol-diesel blends
produced a negative effect on the durability of the high-pressure fuel pump. Due to the wear of plunger-barrel units the decrease in the
fuel delivery rate occurred of about 39% after the 100 h of continuous operation with ethanol-diesel fuel blends. The average friction
coefficients of ethanol-diesel fuel blend E10 was lower than that of the normal diesel fuel. After the 100 hours of operation with ethanol-

diesel fuel blend E10, the measured wear scar diameter was 10% higher than that of a fossil diesel fuel.

Key words: diesel fuel, ethanol-diesel fuel blends, lubricity, four ball test rig, plunger-barrel units, wear scar diameter

1. Introduction

In the recent decades, the scientists continue to work on
the rational global energy using as well as urgent ecological
and environmental problems. The requirements stated by the
EU parliamentarians to intensify the development of renewa-
ble energy sources, strict environmental requests associated
with the reduction of greenhouse gas emissions and wastes in
the municipal economy, agricultural and forestry sectors
encourage the researchers to investigate alternative and re-
newable energy strategies including a wider use of biofuels.
Up to now, the researchers have not offered new technologi-
cal solutions that would completely replace internal combus-
tion engines by other mechanical energy sources. For this
reason, oil and the natural gas reserves rapidly decrease over
the recent decades. Moreover, smoke and exhaust emissions
produced by internal combustion engines cause serious dam-
age to the ecological system.

Agriculture and transport sectors are among the largest
fossil fuel consumers and therefore can be regarded as the
biggest contributors to the environmental pollution. The
mineral diesel fuel traditionally remains the most popular
among the others motor fuels. Consumption of the diesel
fuel has been growing steadily over the last two decades.

The physical properties of the fuel such as density, vis-
cosity and bulk modulus of compressibility affect the deliv-
ery rate and the injection characteristics and thus the quality
of the air and the fuel mixture, which in turn affects the
combustion process, brake thermal efficiency and the eco-
logical parameters of the diesel engine. Specific properties
of alternative and renewable biofuels such as density, vis-
cosity, calorific value, cetane number, freezing point, etc.
differ from those of the normal diesel fuel. Mixing diesel
fuel with ethanol or other alcohols reduces viscosity of the
blend [1]. In case the viscosity of biofuels (ethanol) is too
low, this can result in more intensive wear of plunger-barrel
and the needle-valve-nozzle units. The fuel injection sys-
tems for Euro 6 and beyond will have to generate extremely
high fuel injection pressures and controlled injection events
to meet the strictest legislations associated with engine out

emissions [2]. A higher boiling point and aromatic, nitro-
gen, and sulphur contents appear to improve lubricity of the
diesel fuel [3].

The three main methods can be using to measure the lu-
brication properties of the fuel: the High Frequency Recip-
rocating Rig (HFRR), Scuffing Load Ball On Cylinder
Lubricity Evaluator (SLBOCLE) and the four-ball test
machine method [4].

The scientists conducted the lubricity studies of ethanol
and the diesel fuel by using HFRR method. They found that
ethanol addition of up to 14% (v/v) to diesel fuel meets the
EN 590 standard requirements and thus has minor effect on
the values of the average Wear Scar Diameter (WSD) [5].
The limits of diesel lubricity standards of the wear scar are
established as 460 and 520 um. The others authors showed
that the wear scar diameter for diesel fuel is lower, while
for the blend with ethanol is higher [6]. In contrast to other
studies the authors reported that the addition of ethanol
assisted to improve lubricity of the diesel fuel [8]. The
results of these studies show that there is no consensus on
the effect of ethanol on the fuel lubricity and reliability of
fuel injection systems.

When the amount of ethanol in the diesel fuel is in-
creased, the cetane number (CN) is decreased proportionally.
However, the auto-ignition delay period for diesel fuel, espe-
cially synthetic biofuel, does not always directly depend on
the cetane number value [7-9]. The auto-ignition delay de-
pends on chemical composition and physical properties of
the fuel as well as on gas maximum pressure and the temper-
ature inside the combustion chamber. Significant influence
on the ignition delay also provide such factors as the shape of
combustion chamber, compression ratio, chemical structure
of the fuel and the fuel injection characteristics that affects
the quality of combustible mixture and the temperature varia-
tions prior to TDC during the compression stroke.

The calorific value of ethanol is lower than that of the
diesel fuel. When alcohols are added to diesel fuel, net
heating value of the blend decreases and the brake specific
fuel consumption increases [1, 7-9]. Actually, application
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oxygenated additives in the diesel fuel results in relatively
higher brake specific fuel consumption, slightly higher
brake thermal efficiency of an engine operating in the most
common load and speed conditions. The increased brake
thermal efficiency of an engine can be attributed to the fact
that the fuel-bound oxygen provides an essential help in
burning the fuel completely during the diffusive combustion
phase. Ethanol added to diesel fuel considerably reduces
flash point of the blend and increases the possibility to catch
a fire. Ethanol solubility in the diesel fuel depends on the
hydrocarbon composition of the fuel, temperature, content of
water and wax in the blend and ambient humidity [8].

Authors of the studies [7-9] noted that using of ethanol
and other oxygenated additives reduces the amount of ni-
trogen oxides in the exhaust gases due to lower combustion
temperature of biofuel blends and higher overall relative
air/fuel ratio. The amount of total unburned hydrocarbons
in exhaust gases depends on engine load and has tendency
to increase with increasing ethanol content of the fuel. Eth-
anol added to diesel fuel has the potential to reduce the
production of carbon monoxide, but higher than the 4-5
wt% ethanol-oxygen content may result in higher CO emis-
sions when running a fully loaded engine at the high speed
of 2200 rpm [7].

However, the long-term impact of ethanol-diesel fuel
blends with relatively lower density, viscosity and lubricity
properties on the reliability of a Common Rail Direct Injec-
tion (CRDI) system remains unexplored to a greater degree
of extension and thus requires specific experimental tests.
The aim of the research is to investigate the effect of bio-
ethanol on the durability of the main components of a high-
pressure common rail fuel pump.

2. Materials and methods

The experimental investigation was carried out in the fuel
systems testing laboratory at Power and Transport Machinery
Engineering Institute, Faculty of Agricultural Engineering of
Vytautas Magnus University — Agricultural Academy.

The common rail injection system has been used for the
experimental tests. The principal arrangement of the test
stand, equipment and apparatus are shown in Fig. 1.

Fig. 1. Scheme of the testing stand: 1 — fuel tank; 2 — fuel supply pump;
3 — fuel filter; 4 — high-pressure pump; 5 — pressure control valve; 6 — rail-
-pressure sensor; 7 — fuel rail; 8 — fuel pressure control

The two Bosch-type high-pressure fuel pumps were
connected by the same belt driven in the same mode at
speed of 1000 rpm. The electric delivery pump (2) mounted
in the fuel tank (1) supplied the fuel through the fine-porous
fuel filter (3) to the high-pressure fuel pump (4). Moreover,
both fuel pumps maintained the changeable pre-set pressure
values depending on the on-going time of every 30 minutes.
Powered by an electrical motor, the high-pressure fuel pumps
operated continuously to build up the needed injection pres-
sure, which was retained in the volume of the fuel accumula-
tor (7). The pressure was adjusted via a pressure regulator (5)
connected to the control unit (8). The sensor installed in the
pressure accumulator transferred the resulting signals to the
control unit to evaluate the present fuel pressure.

The fuel-flow was cooled in order to assure that the
temperature does not exceed the 35°C during the reliability
tests of the fuel pumps.

The changes in the fuel delivery rates determined for the
various pressure values built up by both fuel pumps at the
very beginning (0 hours) of the experiments are illustrated
by the columns in Fig. 2.

Fig. 2. Changes in a high-pressure pump’s fuel delivery rate as a function
of fuel pressure built up by a common rail injection system for the begin-
ning of experiments (at zero hours of operation)

Diesel fuel (DF) and the three ethanol-diesel fuel blends
E10, E12 and E20 have been used for the experimental
tests. The main properties of the tested fuels are listed in
Table 1.

Lubricating properties of the fuels were determined by
using the four-ball test machine shown in Fig. 3 [4, 5].

Table 1. Properties of the tested fuels

Parameter Diesel E12 Ethanol
Density at 40°C (kg/m’) 812.6 804.9 788
Kinematic viscosity at 40 °C, 2.06 1.8 1.2
mm?/s

Lower heating value (MJ/kg) 42.88 40.56 26.95
Cetane number 51.5 444 8.0
Flash point, °C 55 13 13
Carbon (% w/w) 87 81.8 522
Hydrogen (% w/w) 12.6 12.7 13.0
Oxygen (% w/w) 04 5.6 34.8
Sulphur (ppm w/w) 4.1 3.6 -
Molecular weight (g/mol) 200 179.91 46

The load of 150 N was used during the experiments. The
tests continued over 1 hour. Before each experimental test,

COMBUSTION ENGINES, 2019, 177(2)

133



Tribological study of high pressure fuel pump operating ethanol-diesel fuel blends

the all appropriate parts of the machine, i.e. bottom and upper
ball holders, fuel vessel and test balls were cleaned up in an
ultrasonic bath, and then all parts were dried completely.

Fig. 3. The scheme of the four-ball tribotester: 1 — load transfer lever;
2 — vertical centre bearing; 3 — oil sample compartment; 4 — oil heater;
5 — thermocouple; 6 — electrical motor; 7 — clutch; 8 — upper rotary ball;
9 — lower stationary balls; 10 — torque transfer lever; 11 — force transducer

The temperature of the fuel was maintained to be of
a constant value of about 30° C during the lubricity tests.

The intensity of the balls’ surface wear images was eval-
uated by using Nikon Elipse MA100 optical microscope.

3. Analysis if the results and discussions

The primary purpose of the fuel-injection system is to
supply the fuel to the cylinder of a diesel engine. The fuel-
injection pump builds up the fuel pressure needed for injec-
tion and then at the required rate delivers the fuel to the
engine’s cylinders [11].

The columns in Fig. 4 illustrate the changing trends in
fuel delivery rate determined for various pressure values
built up by the both fuel pumps at the end (after 100 h) of
the experimental tests.

Analysis of the obtained results shows that the resulting
decrease in the fuel delivery rate was about 16% higher
with ethanol-diesel fuel blend E12 at the injection pressure
of 60 MPa, while the relative decrease was equal to 39% at
a higher pressure of 90 MPa. From the observation of the
test results, it can be assumed that the wear intensity of the
plunger-barrel units was significantly greater when using
ethanol-diesel fuel E12 blend that is especially a case at the
injection pressure of 90 MPa. Most likely, that the delivery
rate of ethanol-diesel fuel E12 blend was reasonably lower
due the resulting wear and thus the leakage of the fuel. The
revealed decrease in fuel delivery rate shows that the pump
has lost the ability to operate with fuel blend E12, so further
experimentations were suspended. The obtained test results
actually differ from those effects noted by Armas et al.
(2012) illustrating that using of fuel blend with a lower
ethanol content (7.7% vol.) does not significantly affect the
durability of the common rail fuel pump [12].

The plunger-barrel unit is one of the most overloaded
components of the fuel system [11]. It can be assumed that this
element is one of the most friction-sensitive units operating in
the heaviest friction conditions in the diesel engine and there-
fore it can be chosen to evaluate the effects done by the rela-

tively worse lubricating properties of ethanol-diesel fuel
blends. Columns in Fig. 5 show how the average wear scar of
the test ball changed when using the normal diesel fuel and
ethanol-diesel fuel blends E10 and E20.

Fig. 4. Changes in a high-pressure pump’s fuel delivery rate as a function
of fuel pressure built up by a common rail injection system for the end of
experiments (after 100 hours of operation)

Fig. 5. The dependency of the average wear scar caused by the diesel fuel
and ethanol-diesel fuel E10 and E20 blends

The test results demonstrate that the average wear scar
with maximum decrease in the diameter of 0.56 mm was
obtained when using diesel-ethanol fuel E20 blend. While
the minimum wear scar with the diameter of 0.38 mm was
recorded with the normal diesel fuel. At the same time, the
wear scar diameter was equal to 0.42 mm when running
with ethanol-diesel fuel blend E10.

The changing trends in variation of the friction coeffi-
cients are illustrated by the diagrams presented in Fig. 6. As
can be seen in the diagrams, the friction coefficient was
relatively lower and its variation was more stable when
using the lowest ethanol-diesel fuel blend E10.

Fig. 6. Variations of friction coefficient for diesel fuel and ethanol-diesel
fuel blends E10 and E20 as a function of time
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b) c)

Fig. 7. Images of the worn surfaces areas obtained when lubricating with: a) DF; b) E10; ¢) E20

Figure 7 shows the images of the worn steel ball sur-
face. The obvious difference in the worn surface area can
be seen by comparing the friction pairs lubricated with the
different fuels. The images show that using of the diesel
fuel resulted in a relatively lower the worn surface area if
compared to that caused by ethanol-diesel fuel blends.

Conclusions

1. The capacity (fuel delivery rate) of a high-pressure fuel
injection pump decreased by 39% after the 100 hours’
of operation with ethanol-diesel fuel blend E12 under
close to real operating conditions.

2. Maximum mean diameter of the wear scar was equal to
0.56 mm when using ethanol-diesel fuel blend E20 and
the minimum value of the wear scar was measured
when running with the normal diesel fuel.

3. Maximum averaged frictional coefficient was measured
when using ethanol-diesel fuel blend E20.

4. Analysis of the experimental data shows that the result-
ing area of a ball surface wear scar was relatively lower
when using diesel fuel due to its better lubricating pro-
perties.

Nomenclature

E ethanol E20 20 vol% ethanol/80 vol% diesel fuel
E10 10 vol% ethanol/90 vol% diesel fuel WSD wear scar diameter

E12 12 vol% ethanol/88 vol% diesel fuel
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The effect of fuel mixture on engine vibrations

In the article, the authors analyze the effect of a fuel mixture (iso-octane, butanol and ethanol) on the generation of engine vibra-
tions. The paper presents the results in the form of frequency response (using the Fast Fourier Transform — FFT) for three mixtures of
different proportions. The measurements were made with the use of accelerometers and data acquisition cards, conditioning the received
signal. The vibration component, in the form of acceleration, will be subjected to a FFT and presented in graphical form (periodogram).
The authors put a special emphasis on a comparative analysis, indicating changes in harmonics, which may be a potential cause of

engine degradation.

Key words: engine’s vibrations, fuel mixture, FFT, frequency response

1. Introduction: fuel mixture

From the beginning of the introduction of the combus-
tion engine, as the most popular method of supply engines,
engineers sought optimal fuels. The direction of the search
was multivariable (the extent of the influence of variables
was mainly dependent on “political factors™). Initially,
when the fuels were underdeveloped, they tried to obtain
the most energy-efficient fuel, without taking into account
the effects of such an operation. Today, research is con-
ducted to maintain power while reducing toxicity of ex-
haust gases (unfortunately this is usually done by reducing
one toxic factor, at the expense of increasing another). In
addition to the energy and environmental aspects, one can
notice and other problems resulting from the use of experi-
mental fuel mixtures, such as changing the vibroacoustic
deviation map of the engine. The article presents the results
of tests of vibration changes in relation to the content of
individual components of the fuel mixture.

Due to the fact that fuels available on the market contain
an admixture of biofuels (alcohol) in research, it was deci-
ded to use iso-octane as a reference fuel to determine the
octane number, RON (Research Octane Number) octane
number equal to 100.

Ethyl alcohol is one of the most available alternative
fuels obtained in the treatment of biological waste. It is
characterized by a higher octane number relative to com-
mercial gasolines equal to 130 (RON), for gasoline 91-99,
and a lower calorific value equal to 26.8 MJ/kg (calorific
value of gasoline 42.6 MJ/kg) Due to the high heat of eva-
poration (0.92 MJ/kg, gasoline 0.36 MJ/kg) the addition of
ethyl alcohol causes the cooling of the fuel and air mixture,
increasing the density, thus increasing the fill factor. Buta-
nol is one of the fuels that can be an alternative to fossil
fuels. It is obtained in the biomass fermentation process.
Physicochemical properties are similar to gasoline (calorific
value 36 MJ/kg, evaporation heat 0.43 MJ/kg, RON 96).
Butanol can be used as a replacement for gasoline without
modifying engine components [1-3].

The mixtures were composed based on the experimental
design for ternary mixtures. Due to the lower calorific value
of alcohols relative to the reference fuel, fuel consumption
with the use of mixtures is higher, while the improvement

of the engine's ecological parameters can be expected due
to lower temperatures achieved in the combustion process
(reduction of NO, [3]).

2. Research object

The object of the research was the Fiat 1,2 spark-ignited
engine (capacity 1242 cm’, power 44 kW (60 horses), max
torque 102 Nm, four-stroke engine, 8-valve, spark-ignition,
powered by multipoint injection) [6]. The engine was locat-
ed on the test bench of the electro-dynamic test bench,
allowing it to control its parameters. The following figure
shows the unit under test.

Fig. 1. Research object: Fiat 1.2 spark-ignition engine [3]

Fiat created a unit of 1.2 Fire in 1993. Over more than
two decades, the motor has gained, among others, 16-valve
head and was produced in four power versions. Drivers
were dealing with a 60, 75, 80 or 86-horsepower spark
ignition versions. The engine usually suffers from minor
failures, well tolerates gas supply, and 8-valve models have
collision-free timing. 1.2 Fire was mounted under the hood
of two generations of Punto, Grande Punto, Bravo and
Bravo, Palio, two generations of Panda, Stilo, Idea, Pente-
cost and Lancia Ypsilon and Y. This is a real sales hit that
is really common in the aftermarket [4].

The facility was located on a measuring stand, equipped
with an electrowired brake. The full schematic diagram of
the position is shown in Fig. 2.
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Fig. 2. Schematic diagram of the research place: 1 — fuel tank, 2 — fuel
gauge, 3 — cooling system, 4 — exhaust system, 5 — engine, 6 — brake, 7 —
PEMS, 8 — accelerometer, 9 — driver

The measurements were based on proprietary diagnostic
system based on single axis axial accelerometer PCB353A
(sensitivity 10.19 mV £5%, measuring range *491 m/s”/
peak, frequency rangel to 4000 Hz £5%, frequency range 0.7
to 6500 Hz +10%, resolution (1 to 10 Hz) 0.0005 g RMS for
1 to 10 Hz [5]). Accelerometer was connected to National
Instruments type 9215 data acquisition card with USB con-
nector (measuring range +10 V, 4 multiplexed channels,
max. sampling rate 100 kS/s/channel, 16 bit resolution [6]).
The accelerometer was mounted along the vertical axis (per-
pendicular to the ground) on the head housing (8192 sam-
ples, 0.5 sec).

3. Results

Obtained signal (Fig. 3) is transformed to the frequency
domain, using the fast Fourier transform with a base of 2.
The way in which the FFT algorithm is introduced has been
known since 1965 and it is widely described in the litera-
ture [7-9]. The fast Fourier transform used for discrete
signals is expressed as follows:

X(K) = IN, x(wd DE (1)

The time domain response is showed below is related to
two extreme measured values. Below (Fig. 4) is shown the
frequency response of extreme values.

Fig. 3. Time response signal for extreme research values (blue — mixture of
0.3 iz0/0.2 but./0.5 eta, red — 0.3 iz0/0.5 but/0.2 eta, 2000 rpm, 40 Nm)

The table shown below shows the normalized values of
magnitude as a function of frequency. The engine corre-
sponds to 4 has basic harmonics. The first one is a direct
derivative of the motor engine load (it is 51, 78, 105 Hz for
the next 3 engine load states). Subsequent values of har-
monic dominant frequencies (which are further derivatives
of the motor load) are: 1200, 3750 and 7000 Hz.

Fig. 4. Frequency response signal (periodogram) for extreme research
values (blue — mixture of 0.3 izo/0.2 but/0.5 eta, red — 0.3 izo/0.5 but/0.2
eta, 2000 rpm, 40 Nm)

Table 1. Amplitude values of 4 dominant harmonics (only in the first case

there are frequency fluctuations depending on the load). The values are

presented for mixtures of fuel: 0.3 isooctane/0.2 butanol/0.5 ethanol (red);
0.3/0.35/0.35 (green) and 0.3/0.5/0.2 (blue)

Dominant harmonic no.
1 2 3 4
Engine’s f Mag Mag (abs) Mag (abs) Mag (abs)
load [Hz] | (abs) | f=1200Hz | f=3750Hz | f=7500 Hz

2000 rpm/ | 51 0.74 0.19 0.52 0.66
40 Nm

3000 rpmy/ | 78 1.85 0.70 0.61 0.68
60 Nm

4000 rpm/ | 105 | 2.94 1.19 0.68 0.74
80 Nm

The following figure shows changes in the absolute va-
lue of dominant harmonics depending on the fuel mixture
(mix 1: 0.3 isooctane/0.2 butanol/0.5 ethanol, mix 2:
0.3/0.35/0.35, mix 3: 0.3/0.5/0.2). The graph applies to all
applications used (Fig. 5: 2000 rpm/40 Nm, Fig. 6: 3000
rpm/60 Nm, Fig. 7: 4000 rpm/80 Nm).

Fig. 5. Absolute values of dominant harmonics for 3 researches mixtures

of fuel, 1" load (2000 rpm/40 Nm), blue: harmonic 1 (51 Hz), green:

harmonic 2 (1200 Hz), red: harmonic 3 (3750 Hz), purple: harmonic 4
(7500 Hz)
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Fig. 6. Absolute values of dominant harmonics for 3 researches mixtures of
fuel, 2™ load (3000 rpm/50 Nm), blue: harmonic 1 (51 Hz), green: harmonic
2 (1200 Hz), red: harmonic 3 (3750 Hz), purple: harmonic 4 (7500 Hz)

Fig. 7. Absolute values of dominant harmonics for 3 researches mixtures of
fuel, 3" load (4000 rpm/60 Nm), blue: harmonic 1 (105 Hz), green: harmonic
2 (1200 Hz), red: harmonic 3 (3750 Hz), purple: harmonic 4 (7500 Hz)

3. Conclusions

The first dominant harmonic, which is a direct deriva-
tive of the engine load, takes on the largest size, regardless
of the type of mixture used. The frequency value of this
harmonic is variable and depends on the load, however,
regardless of the type of mixture.

The last dominant harmonic (represented in Figures 5-7
in violet solid line), whose value is constant, regardless of
the composition of the mixture (7500 Hz) generates high
vibrations, but only for smaller load values.

The type of fuel mixture affects the fluctuations in the
magnitude of the dominant harmonics, especially for small
and large loads.

The biggest magnitude of vibration (the first dominant
harmonic) generates a blend with the highest ethanol con-
tent. This conclusion applies to all loads tested (Table 1).

The mixture consisting of 0.3 isooctane/0.35 butanol/
0.35 ethanol generates the highest vibration fluctuations.
This can be a potential cause of engine degradation.
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Method for assessing the technical condition of marine diesel engine driving
the synchronous generator

The paper presents an innovative method for assessing technical condition of a marine diesel engine that drives synchronous genera-
tor. It is based on the measurement and analysis of generator's phase-to-phase voltage. Additionally, it requires the measurement of
a pseudoperiodic signal [3] with a period equal to duration of engine's working cycle. The basis for developing method was the assump-
tion that rotational speed fluctuations of an engine’s crankshaft (and also the generator) depend on a course of a working process car-
ried out in it. The generator's phase-to-phase voltage is directly dependent on a rotational speed fluctuation of its rotor. It must therefore
be possible to assess a course of a working process of an engine based on a voltage waveform of a synchronous generator that coope-

rates together.

Key words: diagnosis, diesel-electric unit, model research, empirical studies

1. Introduction

An important group of engines used in shipbuilding (it
is estimated that about 50% [10]) diesel engines propelling
ship's generators. According to the SOLAS Convention,
each ship must have at least two independent power supply
units [1]. In most cases, there are more (usually three or
four). These are usually diesel engines not equipped with
indicator valves [10]. This makes it difficult to apply opera-
tion strategies according to technical condition to them.
They are operated according to so-called hourly recharge
(time resource for correct work). Such a strategy imposes
an exchange of their elements of a construction structure
every specific number of working hours (regardless of their
actual technical condition, often fit) [9].

Therefore, works were carried out to develop paramet-
ric, non-invasive methods for assessing their technical con-
dition. One of them is method presented in the article based
on the measurements of an phase-to-phase voltages of an
synchronous generator constituting with a diesel engine
(DG). The basis for the development of the method was the
observation that both a load of the engine with torque and
its technical condition affect on phase-to-phase voltages of
a synchronous generator cooperating with it [5, 8] (which in
theory should have a sinusoidal shape [2, 10]). An example
of a phase-to-phase voltage of a generator as a function of
time recorded during empirical studies is shown in Figure
1. In addition, the figure shows the reference waveform of
the phase-to-phase voltage (theoretical).

Fig. 1. The chart of line voltage synchronous generator as a function of
time: 1 — waveform measurements obtained from 2 — course model

On the basis of analysis of a phenomena occurring in
the DG, it was considered that a reason for a observed de-

formations of the interfacial tension waveform is fluctua-
tions of the angular velocity of a generator rotor (Fig. 2).

Fig. 2. The rotational speed of the generator rotor as a function of an angle

of rotation of an engines crankshaft for: 1 — for an operational engine, 2 —

for a damaged engine (reducing the dose of fuel supplied to the No. 1
cylinder by 50%)

The direct cause of rotation speed fluctuation of a ge-
nerator rotor are the rotational speed fluctuations of an
engine crankshaft. They result from the variable torque of
a crankshaft and depend on the value of indicated pressure
in the engine cylinders [7]. Figure 3 shows the torque curve
obtained in the result of modelling for the six-cylinder
engine 1 — operational, 2 — damaged.

Fig. 3. The chart of engine torque as a function of an angle of crankshaft
rotation for: 1 — operational engine, 2 — damaged engine (reducing the
dose of fuel supplied to cylinder No. 1 by 50%)

The analysis of the waveforms presented in Fig. 1 and 2
clearly indicates that a working process occurring in cylin-
ders (indicated pressure) affects the torque values. Howe-
ver, the torque directly affects course of a rotational speed
of an engine crankshaft (generator rotor).

2. Model of diesel-electric unit
Development of presented method for assessing tech-
nical condition of a marine diesel engine required conduct-
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ing a thorough analysis of selected phenomena occurring in
engine and generator. For this purpose, a mathematical
model of a diesel-electric unit was developed. The mathe-
matical model includes a possibility of simulating known
and recognizable engine damage such as: change of fuel
dose, change of valves cross-section area, change of the
injection opening angle, leakage in a piston-rings-cylinder
system. Development of the DG mathematical model has
been divided into two stages (Fig. 4).

Diesel of of
generator engine’s state

Diagnosis 3
& engine’s state

STAGE 1
Physical model of diesel
engine

Mathematical model of
Identification diesel engine
of technical

state

Computer
program

Data base Modelling

Empiric research
research

Comparative
analysis in the field
of time and
frequency

Assessment of
moodeliness

STAGE 2

Consideration of engine
cooperation with a synchronous
generator in a physical
and mathematical model

Empirical
research

Comparative
analysis in the field
of time

o
moodeliness

Fig. 4. Research program

The first stage involved development of a mathematical
model of a diesel engine. The adequacy of this model has
been verified on a basis of a comparative analysis of a re-
sults of model and empirical studies. Empirical studies were
carried out on a laboratory engine with high diagnostic
susceptibility. Obtaining a positive result of an adequacy
assessment (quantitative and qualitative) of the mathemati-
cal model of the engine allowed for a transition to the se-
cond stage — the development of the DG mathematical. This
approach to modelling issue was dictated by the fact that in
the case of engines driving marine generators, model verifi-
cation would be extremely difficult. In most cases, these
engines are not equipped with indicator valves.

The stage of developing the mathematical model of the
engine was preceded by the development of a physical model
of the processes taking place in the DG. The basis for the
development of the physical model was identification of
phenomena occurring in team and a mutual relations between
a functional components of a subprograms. The identification
was based on the built models: functional and topological.

The developed mathematical model of the unit was the
basis for writing a computer program (often called a nume-
rical model) that allows solving the equations included in
the model.

The result of the solution of the equations of the mathe-
matical model of the DG were a phase-to-phase voltages of
a Ly, Ly;, L3 generator, waveforms of a crankshaft of an
engine (generator rotor) as a function of time or angle of rota-

tion of a crankshaft. Course of factor parameters in engine
cylinders such as: temperature, pressure, mass, individual gas
constant, etc. as functions of an angle of a crankshaft rotation.

3. Model and empirical research

3.1. Research plan

Recognition of the DG model as adequate enabled de-
velopment of a determined, selective research plan [6, 10].
It was assumed that according to the same program model
and empirical studies will be carried out. Empirical research
was carried out on three DG powered by 6SW 400 type
engines cooperating with GCPf — 94c/1 type generators.
Research objects are installed at the stand in the Laboratory
for the Operation of Electric Ship Equipment (Fig. 5).

Fig. 5. Research object in the Laboratory for the Operation of Electric Ship
Equipment

The test program is shown in Tables 1 and 2. Table 1
shows the test program for the engine in full technical con-
dition. However, Table 2 presents the test program for the
damaged engine. The tests were carried out for the engine
damaged for a following partial technical condition. First,
cylinder No. 1 was turned off. Then cylinder No. 6 was
turned off. The last stage of the research consisted in ex-
cluding cylinders no. 1 and 6 from operation.

Table 1. Study plan for DG in full technical condition

Load with electrical loads Measurement number
2 kW 1
10 kW 2
20 kW 3

Table 2. Study plan for DG in full technical condition

Load with electrical loads

Measurement number

Cylinder No. 1 excluded from work

2 kW
10 kW
20 kW 3
Cylinder No. 6 excluded from work
2 kW 1
10 kW 2
20 kW 3
Cylinders No. 1 and 6 excluded from work
2 kW 1
10 kW 2
20 kW 3
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3.2. Measuring apparatus

The implementation of the research required the deve-
lopment of proprietary measuring apparatus [4]. It was
assumed that the apparatus must allow for implementation
of measurements of a synchronous generator voltage (three
channels) while maintaining the galvanic isolation of high
voltages at the terminals (user’s computer). An additional
role of the developed measuring instrument was to adjust
a levels of measurement signals to the range accepted by
the Advantech USB-4711A measuring card used. In addi-
tion, it was necessary to measure a parameter enabling
a synchronization of recorded phase-to-phase voltages with
an engine working cycle. The acceleration measured at the
engine head in the injector needle's operating axis was
considered to be an optimal parameter. It was assumed that
measurements must be carried out with a sampling frequen-
cy of not less than 10 kHz (for each measurement channel).
This frequency provides about 400 signal samples per revo-
lution of an engine crankshaft at a typical (for DG) rota-
tional speed of 1500 min"'. The Advantech USB-4711A
card with a resolution of 12 bit was used for the measure-
ments. It allows measuring the voltage signal in the follow-
ing ranges:
* #10 V measurement accuracy is 0.00244 V,
* +5V measurement accuracy is 0.00122 V,
e 2 measurement accuracy is 0.00061 V,
e #1.25 measurement accuracy is 0.000305 V,
*  #0.625 V measurement accuracy is 0.000153 V.

The computer cooperating with the measuring card was
used to acquire values of measured parameters.

3.3. The research data analysis

Regardless of the source (model or empirical study), the
data was saved in a same format. This allowed to use
a proprietary computer program for their processing. In
addition, it ensured that an analysis of a research results
will be carried out (regardless of whether the results will
come from empirical or model studies) in the same way.

The first stage in the analysis of measurement data con-
sists in use of so-called averaging synchronic [9]. The ac-
celeration of an injector (Fig. 6) is registered with the refe-
rence signal in the averaging process.

Fig. 6. The chart of accelerations measured in the axis of the injector
needle

As a result of synchronous averaging of recorded phase-
to-phase voltage waveforms, the waveforms corresponding
to the engine cycle shown as a function of time were ob-
tained (Fig. 7).

The next stage in the analysis of a measurement data
was to obtain the plot considered to be a reference (corre-
sponding to the work of the generator rotor with constant
rotational speed). The course found to be a reference one

was obtained by using a Fourier transform relative to the
registered phase-to-phase voltage waveform. Subsequently,
the output course was reconstructed on the basis of the
inverse Fourier transform for a first harmonic. This is illus-
trated by dependence:

Fig. 7. Synchronous average of the generator phase-to-phase voltage as
a function of time for one engine working cycle

T
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The course of interfacial tension L, and the reference
waveform as a function of time are shown in Fig. 8.

Fig. 8. A fragment of the registered phase-to-phase voltage waveform as
a function of time: 1 — waveform obtained from measurements, 2 — refe-
rence waveform

The next stage of the analysis of the courses obtained as
a result of empirical and model research was development
of measures proportional to the value of an engine crank-
shaft angular velocity fluctuation. The decision was made
that the most promising method would be to conduct time-
domain analysis. It is based on a calculation (for each value
of the ordinate of an average wave) of the difference be-
tween the time values for the runs of the synchronously
averaged and the reference AT; = Tuyei — Trefi- Lhe time
difference can take both: positive and negative values. The
value At; greater than zero means that for a given moment
of time an angular velocity of a crankshaft is greater than an
average for a working circuit. The negative difference indi-
cates a lower value of an angular velocity of a crankshaft
from an average for a working circuit. The applied method
of data analysis is shown in Fig. 9.
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Fig. 9. A fragment of generator's phase-to-phase voltage with the method
of calculating the time increment value

Analysing the voltage waveforms shown in Fig. 9, it can
be seen that in a range of a largest amplitude values of
a generator phase-to-phase voltage there may be areas for
which it is not possible to meet the condition U,.g = U,yei-
In this case, it was decided to take the value of the time
difference At; as equal to,,100” — a difference of this value
does not occur during the research, so it could act as
a marker.

By analysing the phase-to-phase voltage waveform as
a function of time shown in Fig. 9, it can be observed that
the time difference values are not linear with respect to the
phase-to-phase voltage value and depend on a generator's
phase-to-phase voltage. The largest values of time differ-
ences occur for a voltage value of 0 V. However, closer to
the maximum and minimum voltage amplitude, these va-
lues decrease. To minimize an effect of nonlinearity, it was
decided to use a proportionality factor described by the
dependence:

wsp, = az_o + a, - cos? (ZTT[‘E) + b, - sin? (ZT“‘E) 4)

where: a, — factor calculated from the equation 1, b; —
factor calculated from the equation 2.

The calculated time differences At; have been multi-
plied by the proportionality coefficient wsp, (described by
the dependence (4)). According to a described method, the
time difference values for all three generator's phase-to-
phase voltages were calculated. Then, for each moment of
time, the arithmetic mean of the time difference values was
determined (for all analyzed phase-to-phase voltage wave-
forms). In the case when the value of time difference for
any of runs was indeterminate (the At; tag equals 100), the
mean value from a smaller number of passes was deter-
mined for a given abscissa (time) value (the uncertainty
values were omitted). An exemplary course of time differ-
ences as a function of time is shown in Fig. 10.

In addition, in Fig. 10, an areas corresponding to indi-
vidual engine cylinders were determined, an influence of
which was the highest on the engine speed fluctuation
(from a cylinder opening of a given cylinder until a cylinder
cylinder's next cylinder opening). Next, an area under
a obtained time differences was calculated as a function of
time within integration limits corresponding to an opening
times injector of a given cylinder injector until the next
cylinder injection opening (according to the order of cylin-
ders).

Towtri+1
7 = f At(t)dr 5)

Towtri

Fig. 10. The chart of time differences as a function of time for the engine
with a damaged cylinder no. 1 (measurement of acceleration of the injector
carried out on cylinder No. 3)

The values of a surface area under a plot of time differ-
ences as a function of time for individual damaged engine
cylinders (Z measure values) are shown in Fig. 11.

Fig. 11. Z measure as a function of time for individual engine cylinders for
a damaged engine (disabling fuel supplying cylinder No. 1)

The proposed measure Z allowed to analyse a results of
model and empirical research. The tests were carried out on
a basis of the test plan proposed in section 3.1.

3.4. Research results

Conducted research [10] allowed to conclude that the
developed mathematical model of a diesel-electric unit is
not adequate in quantitative relation to the examined real
objects. Whereas values of the Z measure calculated for the
efficient and damaged cylinders in a case of model and
empirical tests are convergent, which allows the model to
be considered qualitatively adequate. Noteworthy is the fact
that results of empirical research (Z measure) differ in

a fundamental way. However, in a case of damaged en-

gines, some regularities can be observed, which allowed to

draw the following conclusions:

* For all simulated partial technical airworthiness states,
in each case a value of the Z parameter calculated for
a damaged engine cylinder is clearly smaller (this is evi-
denced by on a decrease of angular velocity of a crank-
shaft) from the other cylinders.

* All empirical research results are subject to significant
errors resulting from the limitations of the measuring in-
strument used (optoisolation and low signal sampling
frequency of 10 kHz).

* The significance of errors decreases with the increase of
the engine load with the moment of resistance (increase
of the generator load).

* Failure of any of a cylinder sections results in a signifi-
cant change in a value of the Z measure both in an area
of a damaged cylinder and other cylinders. Values of the
damaged cylinders are always negative, while as a result
of a work of an engine speed controller values of the
other cylinders usually have values greater than those of
an efficient engine.

When developing a method of assessing a technical
condition of an engine, one had to find an unambiguous
measure informing about the damage and identifying the
damaged cylinder section. The process of technical condi-
tion evaluation was divided into two main stages:
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* the first stage consisted in determining whether there is
damage in the case of the tested DG,

» the second stage consisted in locating the damage occur-
ring on an indication of a particular cylinder section.

In the first stage, it was decided to use a standard devia-
tion value — o calculated for the Z measures for each of
engine’s cylinders.

This step is based on observation made regarding a val-
ue of the standard deviation of the Z measure for the engine
in various technical states. It was observed that in the case
of a defective engine, standard deviation takes on a value
higher than in the case of engine that is efficient for same
loads. This is due to larger fluctuations in an angular veloci-
ty of a crankshaft of a damaged engine, which results in
a greater spread of the Z value. The standard deviation
values for engine cylinders in various technical conditions
are shown in Table 3.

turned off. Failure to meet this condition may indicate that
there is no damage or damaged cylinders.

With information from first stage of the analysis
(whether there is damage) and knowing if the measure Z
exceeds value of one-and-a-half times standard deviation, it
is possible to distinguish between engine that is efficient
and a damaged cylinder with more than one cylinder. In
a case of damage to a larger number of engine cylinders,
unambiguous statement of which cylinder was damaged is
possible. When conducting analysis, the standard deviation
o should be used to identify damaged cylinders, instead of
product 1.5-c. The proposed method of analysing technical
condition of an engine is shown schematically in Fig. 12.

Measurement of phase to phase
voltages and accelerations on
individual engine injectors

Calculation of the standard
deviation orvalue and the product
value of 1.5 -0

Table 3. List of values of standard deviations for various technical states of I T
the engine Synchronized averaging of
acquired phase-to-phase voltages
Technical state and load Empirical research for Model R T 15 the value &
DG no. 1 research ereeeds10
Calculation of the Z measure
1 2 3 [o] value for all engine cylinders
[o] [o] [o]
Efficient — 2 kW 5.98 5.47 6.21 251
Offcyl. 1 -2 kW 10.66 8.92 8.35 5.40
Off cyl. 6 — 2 kW 7.29 7.78 6.44 5.90 Is lhcfv‘.\rl‘uc nIdefnr s . Ené;mc]d‘:lm;\%cd o
any of the cylinders amaged cylinder for whicl
Offcyl. 1 and 6 — 2 kW 6.79 4.93 531 5.65 exceeds 15-0 i
Efficient - 10 kW 8.90 8.74 7.23 0.72
Offcyl. 1 — 10 kW 15.05 11.59 | 15.26 11.46
Off cyl. 6 — 10 kW 13.68 16.14 | 11.77 11.90 S
— Checking for which cylinders the dumgc‘;z‘;ﬁn :::;;r which
Offcyl. 1 and 6 — 10 kW 11.03 10.38 | 10.54 10.72 condition 256 s met finde
Efficient — 20 kW 8.60 7.55 5.98 1.82
Off cyl. 1 — 20 kW 267 | 17.81 | 19.14 21.52 Fig. 12. An algorithm for assessment of technical condition of engine
Off cyl. 6 — 20 kKW 13.00 2302 | 1882 2201 driving synchronous generator based on the phase-to-phase voltages
Off cyl. 1 and 6 — 20 kW 16.40 | 18.18 | 19.66 19.63

Based on value of standard deviation of the Z measure,
it was possible to assess whether an engine was functional
or damaged. At the same time, it can be observed that dis-
crepancies in standard deviation values for a damaged en-
gine increased as load of generator increased. It was con-
sidered that in a case of a generator loaded with 10 kW and
20 kW load power, standard deviation value of less than 10
means a motor for which no damage was introduced, while
a deviation value greater than 10 indicates engine damage.

The second stage is based on observation that in a case
of a damaged engine value of the Z measure for damaged
cylinders is significantly greater than value of standard
deviation. The value of standard deviation beyond range of
standard deviation also exceeds a value of Z for undamaged
cylinders, but absolute value of Z is less for them than those
of damaged cylinders. The value of Z measure in the case
of cylinders with a given damage (for one cylinder turned
off) exceeds a value of product 1.5 ¢ in each case. Howe-
ver, in case of undamaged cylinders, in none of cases exam-
ined, value of adopted measure exceeded value of 1.5-c. It
was considered that measure allowing identification of
a damaged single cylinder is whether any of the measures Z
exceeds 1.5-0. Exceeding it clearly shows that cylinder is

In addition to presented model and empirical tests, it
was decided to carry out additional model tests for partial
technical condition, impossible to implement on a real
object. Limitations of empirical research resulted from
necessity to interfere in the engine, which could potentially
lead to its damage.

It was decided to carry out tests for various technical
properties and for two loads of loads with a capacity of 10
kW and 20 kW respectively. The tests carried out for a full
and partial technical condition were:

* reducing a dose of fuel supplied to cylinders by 10%,
20%, 30%, 40% and 50% in relation to nominal dose,

* reducing an injection advance angle by 5°CA,

* increase of an injection advance angle by 5°CA,

* introduction of a leak in the piston—cylinder—cylinder
system of 5% of maximum cross-sectional area of a out-
let valves,

* reducing a cross-sectional area of an injector holes by
10% and 20%,

* increase in cross-sectional area of an injector holes by
10% and 20%.

Based on the analysis of the data [10], the following
conclusions can be made:

* Simulated partial technical health conditions consisting
in reducing a fuel dose delivered to a damaged cylinder
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and a simulated leak in the TPC system can be detected
and located using the developed method.

* Failure conditions consisting in changing an active
cross-section of an injector holes and changing an injec-
tion advance angle for a damaged cylinder cause some
deviations of the Z-measure value in relation to efficient
engine. However, the values Z of these deviations are
minimal, therefore these damages probably cannot be
detected using proposed method.

* The inability to identify part of a damage may be caused
by a need to adapt format of data recording from the
computer program to a measuring instrument used. (The
computer program simulates the measuring frequency of
measuring instrument of 10 kHz for each channel,
which gives about 800 samples per working cycle of the
engine).

4. Summary

Despite the inclusion of a series of partial engine tech-
nical states in a diesel-electric unit model, in the case of
empirical studies, it was decided to ask only one failure in
the individual engine cylinders. It resulted from the inabi-
lity to introduce modifications to test object due to risk of
its damage. However, the study was conducted model for

other states of partial technical suitability arguing that it
should be possible to detect and identify damage involving:
* reducing a dose of fuel supplied to a cylinder by more
than 20% of a nominal dose,
* change of injection timing,
* leaks in the piston-rings-cylinder system,
* changing an active cross-section of an injector holes.
The study proves that selected states of partial tech-
nical suitability of a diesel-electric unit’s engines cause
a deformation of voltage line of the generator's. As a result
of conducted tests, control parameters were identified that
allow for unambiguous identification of engine damage.
The results of model and empirical studies carried out in the
work showed that their continuation is justified. Further
research should be mainly focused on:
- increasing the accuracy of generator phase voltage
measurements, which can be achieved by:
o increasing a sampling rate,
o reducing a device's non-linearity,
o increasing a resolution of a measuring instrument
from 12 bits to at least 16 bits;
* conducting tests for other typical engine damages of
a diesel-electric unit.

Nomenclature

ag, A4, by Fourier ratio wSp proportionality factor

i iteration wz applies to the reference course

Li_5, L,_3, Ls_; applies to phase-to-phase voltages z measure describing the technical condition of the
owtr applies to opening of the injector engine

T period o standard deviation

U electric voltage T time

Usr applies to synchronized average values
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The influence of driving pattern on pollutant emission and fuel consumption
of hybrid electric vehicle

Hybrid electric vehicles (HEVs) have an increasing presence in passenger transport segment. They have been designed to minimize
energy consumption and pollutant emission. However, the actual performance of HEVs depends on the dynamic conditions in which they
are used, and vehicle speed is one of the key factors. A lot of excess emission and fuel consumption can be attributed to rapid changes of
vehicle speed, i.e. accelerations and decelerations. On the other hand, dynamic driving favours energy recovery during braking. This
study examines the relationship between HEVs speed, pollutant emission and fuel consumption. The considerations were based on the
results of testing vehicles in WLTC and NEDC driving cycles, performed on a chassis dynamometer. The test objects were two light-duty
passenger vehicles, one with series-parallel, gasoline-electric hybrid system and the other, used as a reference, with conventional spark-
ignition engine. Both vehicles had similar technical parameters and combustion engines supplied with gasoline. The driving cycles were
divided into several parts according to the speed range. For each part, pollutant emission and fuel consumption were determined and
appropriate values of selected parameters of driving pattern were calculated. Combining the results of empirical research and
calculated parameters allowed to obtain characteristics. Their analysis provided valuable insight into the impact of driving pattern on

actual emission and fuel consumption of HEV.

Key words: hybrid electric vehicle, HEV, pollutant emission, fuel consumption, driving pattern

1. Introduction

With the rapid development of world transportation, en-
vironment pollution and the depletion of non-renewable
energy resources have become two serious problems. The
need to address these concerns led many academic institu-
tions and automobile manufacturers to adopt research and
development programs that included not only more efficient
and cleaner ways to use fossil fuel in internal combustion
engine vehicles (ICEVs), but also the development of alter-
native propulsion systems and energy carriers. In recent
years, battery electric vehicles (BEVs) have received in-
creased attention worldwide and their production numbers
for large markets has increased. However, despite remarka-
ble achievements in the development of BEVs in the last
years [5], there are still two serious problems to be solved:
low operational range of BEVs due to relatively limited
capacity of batteries and considerably high vehicle and
battery costs, which reduces the number of potential buyers.

BEVs and ICEVs features are combined in hybrid elec-
tric vehicles (HEVs), with the variety of subtypes available,
including plug-in hybrid electric vehicles (PHEVs). HEVs
usually consist of two different power sources — an internal
combustion engine and an electric motor. Some powertrain
configurations of HEVs enable them to switch between two
power sources, which allows for the use of pure electric
mode under certain driving conditions or in low-emission
zones of city centers. HEVs certainly do not have the opera-
tional range restriction of BEVs and they are beneficial in
terms of environmental impact due to reduction in tailpipe
emissions and fossil fuel consumption [8—10]. In the case of
PHEVs there is also potential to diversify transportation
energy sources and stimulate real opportunities on the inte-
grating renewable energy into the power system. On the
other hand, two separate power sources increase vehicle
mass, which in turn lead to a higher consumption of both
electricity and fuel.

The actual performance of HEVs depends on the dy-
namic conditions in which they are used [8-10], and vehi-
cle speed is one of the key factors. A lot of excess emission
and fuel consumption can be attributed to rapid changes of
vehicle speed, i.e. accelerations and decelerations. On the
other hand, dynamic driving favors energy recovery during
braking.

The present study aims at investigating the impact of
driving pattern on pollutant emission and fuel consumption
of HEVs. It involves empirical testing of two light-duty
vehicles — HEV with series-parallel hybrid system and
ICEV with conventional spark-ignition combustion engine
— on a chassis dynamometer in the WLTC and NEDC driv-
ing cycles.

2. Parameters of driving pattern
Vehicle driving pattern is usually defined by the varia-

tion of vehicle speed with time [5]. Some researchers ex-

tend this definition to other factors like gear changing,
driving distance etc. [6, 12]. It is possible to quantify driv-
ing patterns using certain parameters, also known as zero-
dimensional or point characteristics [2—6]. A large number
of such parameters has been proposed [6], Among them,
those related to speed and acceleration are most often con-
sidered for investigating the influence of driving pattern on

vehicle pollutant emission and fuel consumption [3, 4].

The examples of driving pattern parameters used in pre-
vious research works [1, 6, 7, 11] can be divided into five
categories:

1. Average value, in relation to: speed, driving speed (ex-
cluding stops), acceleration, deceleration, driving time
within one driving period (from start to stop), number of
acceleration-deceleration changes (and vice versa) with-
in one driving period, etc.

2. Time share, in relation to: stop (v = 0), acceleration,
deceleration, driving at constant speed, etc.
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3. Standard deviation, in relation to: speed, acceleration,
deceleration, etc.

4. Relative and joint distribution, in relation to: speed,
acceleration, deceleration, etc.

5. Complex parameters: relative positive acceleration,
positive kinetic energy, product of the speed and accel-
eration, product of the squared speed and acceleration,
average absolute value of product of speed and accelera-
tion, number of stops per distance, etc.

One of the classic examples of employing driving pat-
tern parameters to examine their influence on pollutant
emission and fuel consumption is the research of Ericsson
[6]. She collected driving data from a vehicle driven in
urban conditions and used the results to determine the val-
ues of 62 independent parameters, including commonly
used variables based on speed and acceleration as well as
newly proposed variables related to engine rotational speed
and gear changing. After statistical analysis of the results
obtained, 9 parameters were found to have significant envi-
ronmental effects [6].

3. Materials and methods
The general concept of this study was to obtain data on

pollutant emission and fuel consumption of vehicles tested
in driving cycles that simulate dynamic driving conditions
on the chassis dynamometer. Next, values of the selected
driving pattern parameters for the speed profiles of these
driving cycles were determined. Combining the results of
empirical research and calculated parameters allowed to
obtain dependencies for pollutant emission and fuel con-
sumption on driving pattern parameters.

Empirical part of the research concerned two vehicles:

— HEV, with a series-parallel drive system, consisting of
spark-ignition combustion engine, electric motor and
continuously variable transmission e-CVT,

— ICEV, with spark-ignition combustion engine and con-
tinuously variable transmission CVT.

HEV was treated as the main object of research, while
ICEV served as a reference, to compare test results. Both
vehicles had similar technical parameters and combustion
engines supplied with gasoline (Table 1).

Table 1. Specifications of the vehicles tested

Parameter HEV ICEV
iig}g:;;‘:;f“gme 1798 cm® 1798 cm®
Maximum power 90 kW at 5200 rpm | 108 kW at 6400 rpm
Maximum torque 142 N'm at 3600 rpm | 180 N-m at 4000 rpm
Combustipn engine 13 1
compression ratio
Fuel type used Gasoline Gasoline
Fuel injection type Multi-point (MPI) Multi-point (MPI)
Gearbox type e-CVT CVT

Vehicles were tested in two type-approval driving cy-
cles: the Worldwide Harmonized Light Vehicles Test Cycle
class 3.2 (WLTC) and the New European Driving Cycle
(NEDC). The driving cycles were divided into parts accord-
ing to the vehicle speed range — WLTC into four parts: low
speed, medium speed, high speed and extra high speed,

while NEDC into two parts: Urban Driving Cycle (UDC)

and Extra Urban Driving Cycle (EUDC).

Driving cycles were performed in laboratory conditions
on the chassis dynamometer at Motor Transport Institute in
Warsaw. The tests were repeated several times for each
vehicle, with the combustion engine warmed up. The influ-
ence of the cold engine start was outside the scope of the
current study. For a detailed description of test conditions,
refer to previous publications [8—10].

The results obtained included averaged values of:

—  fuel consumption (Q), expressed in dm*/100 km,

— road emission of: carbon dioxide (CO,), total hydrocar-
bons (THC), nitrogen oxides (NO,) and carbon monox-
ide (CO), expressed in g/km.

In the second part of the study, the parameters of driv-
ing pattern were determined for each part of the driving
cycle. The analysis involved:

— average speed — vay [km/h],

— average acceleration — a‘ay [m/ 52],

— average deceleration — a’ sy [m/ 52],

— relative positive acceleration — RPA [m/ s,

— average absolute value of the product of speed and ac-
celeration — |v-alsy [m?/s’],

— time share of vehicle stop (v =0) — ugop [%].

The parameters listed above are regarded as relevant for
experimental investigation and modelling of pollutant emis-
sion and fuel consumption of light-duty vehicles [6]. Vehi-
cle's average speed is the basic parameter used to determine
the characteristics of internal combustion engines under
dynamic conditions, e.g. for the inventory of pollutant
emissions and fuel consumption [2]. Average acceleration
determines the demand for maximum engine torque, while
average deceleration indicates the intensity of braking [5].
Besides, both average acceleration and average deceleration
can be considered as criteria for an aggressive driving style.
Relative positive acceleration is calculated as the integral of
speed multiplied with positive acceleration and the time
interval when the acceleration is positive, divided by the
total distance of the drive [6]. Relative positive acceleration
value is large for driving pattern that includes a lot of high
power-demand accelerations and is found to increase fuel
consumption [5]. The average value of absolute value of
product of speed and acceleration can be interpreted as
a measure of engine power output per unit mass of the
vehicle [5].

In order to determine the characteristics of pollutant
emissions and fuel consumption, their values were normal-
ized to the highest value obtained for one of the vehicles in
a given category (fuel consumption or road emission of
each exhaust component). In this way, differences in values
are clearly visible and at the same time it is possible to
compare the characteristics for both vehicles in one graph,
without losing information relevant for the qualitative as-
sessment of the course of the given dependence.

4. Results and discussion

The dependence of normalized fuel consumption on in-
dividual parameters of driving pattern is shown in Fig. 1.
The sets of points were approximated by second degree
polynomial functions.
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Fig. 1. The dependence of normalized fuel consumption on driving pattern parameters: average speed (a), average acceleration (b), average
deceleration (c), relative positive acceleration (d), average absolute value of the product of speed and acceleration (e), time share of vehicle stop (f)

The dependencies of fuel consumption on the driving
pattern parameters show considerable regularity along
curves of approximation. By far the most effective parame-
ters in this case are the average speed and time share of
vehicle stop, followed by the product of speed and accelera-
tion. On the other hand, average deceleration can be con-
sidered the worst parameter among those analyzed. Interest-
ingly, smaller spread of points along the curves of approx-
imation can be observed for HEV, which may result from
more stable operating conditions of the internal combustion
engine in the hybrid system and lower sensitivity to dynam-
ic states of operation than in the case of ICEV.

The characteristics determined for ICEV are consistent
with those known from the literature [4-5] and databases
implemented in specialized software such as INFRAS or
COPERT. In principle, fuel consumption of ICEVs is high
in heavy traffic conditions, characterized by low average
vehicle speed, high time share of vehicle stop with engine
working at idle speed and high dynamics of driving, as
reflected in the frequent acceleration and deceleration. For
HEV it is just the opposite, because at a low speed a signif-
icant part of the power used to drive the vehicle's wheels
comes from the electric motor, hence the fuel consumption
is low. In addition, in the dynamic driving conditions, the
share of energy recovered by recuperative braking increas-
es. Perhaps because of this the impact of the deceleration on
fuel consumption is more pronounced for HEV than ICEV.

There is also a significant increase in fuel consumption
of HEV and ICEV at high average speed, which corre-
sponds to high engine load. This time, however, both the
power generated by the electric motor and the intensity of
recuperative braking are relatively low and do not allow
a significant reduction in fuel consumption. Last but not
least, high average speed implies low time share of vehicle
stop, hence high fuel consumption observed.

For obvious reasons, the dependencies of normalized
road emission of carbon dioxide are almost identical to
those of normalized fuel consumption. Factors determining
their courses are largely the same as those affecting fuel

consumption. Hence, they were not presented here and
included in the discussion.

The dependence of normalized road emission of total
hydrocarbons on individual parameters of driving pattern is
shown in Fig. 2. The sets of points were mostly approxi-
mated by second degree polynomial functions. A power
function was proposed only for average speed, average
acceleration (HEV) and average absolute value of the prod-
uct of speed and acceleration.

Comparing the dependences obtained for the emission
of total hydrocarbons to those regarding fuel consumption,
it can be concluded that they are much less regular (which
is understood as a large spread of points on the graphs).
Average speed, average absolute value of the product of
speed and acceleration and time share of vehicle stop can
be assessed as moderately effective in the description of the
total hydrocarbons emission. On the contrary, average ac-
celeration, deceleration and relative positive acceleration
are not useful in this application. These conclusions are
valid for both HEV and ICEV.

Difficulties in outlining the trend regarding the depend-
ence of hydrocarbons emission on driving pattern parame-
ters indicates a high sensitivity of hydrocarbons emission to
the operating states of the internal combustion engine. Ne-
vertheless, these results confirm observations from other
research works, e.g. [3], according to which road emission
of hydrocarbons is the highest for low average speed (and
therefore large time share of vehicle stop) and very low for
high average speed (and low time share of vehicle stop)
corresponding to high engine load.

The dependence of normalized road emission of nitro-
gen oxides on individual parameters of driving pattern is
shown in Figure 3. The sets of points were mostly approxi-
mated by second degree polynomial functions. The exemp-
tions were: average speed and average absolute value of the
product of speed and acceleration, for which a power func-
tion was proposed, and time share of vehicle stop, for
which an exponential function was used.
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Fig. 3. The dependence of normalized road emission of nitrogen oxides on driving pattern parameters: average speed (a), average acceleration (b), average
deceleration (c), relative positive acceleration (d), average absolute value of the product of speed and acceleration (e), time share of vehicle stop (f)

The relation of road emission of nitrogen oxides with
driving pattern parameters should be assessed as relatively
weak. For most of the parameters, the proposed approxima-
tion curve is for illustration only and does not allow to
conclude on the relationship of parameters with the emis-
sion of nitrogen oxides. Only in the case of average speed,
average absolute value of the product of speed and accel-
eration and time share of vehicle stop it is possible to de-
termine the nature of dependence, at least to some extent.
This is similar to the trends that have been discussed with
reference to hydrocarbons emission.

It is worth noting that among all the pollutants that were
included in this study, it is the emissions of nitrogen oxides
that reached nearly the same values for both vehicles. The
differences in values are very small, the only large discrep-
ancy occurred for the ‘low speed’ part of the WLTC.

The dependence of normalized road emission of carbon
monoxide on individual parameters of driving pattern is
shown in Figure 4. The sets of points were approximated by
second degree polynomial functions. The only exemption
was the time share of vehicle stop, for which an exponential
function was used.

When analyzing the shapes of dependencies plotted for
carbon monoxide emission, differences may be noticed
between results obtained for individual vehicles. The de-
pendencies for HEV are regular and reveal some trends,
whereas for ICEV there is a large spread of points, hence it
is more difficult to draw the right conclusions.

Generally, the emission of carbon monoxide from HEV
is much lower than from ICEV and is influenced by driving
pattern. If the dependencies in Figure 5 did not apply to
normalized values, this effect would be more clearly visi-
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ble. Starting from the average speed, i.e. the basic driving
pattern parameter, the maxima of carbon monoxide emis-
sion for low and high speed values can be noticed. The
largest emission is for low speed, which is confirmed in
the literature [3, 4]. The same applies to average absolute
value of the product of speed and acceleration. This is
reflected in the dependence determined for the time share
of vehicle stop, which is high for low average speed (typi-
cal in urban traffic) and implies high carbon monoxide
emission. For parameters related to acceleration and de-
celeration, a maximum carbon monoxide emission may be
indicated for moderate values of these parameters.

In the case of ICEV, there are similar, but less accurate,
trends observed in the relationships between carbon monox-
ide emission and average speed, average absolute value of
the product of speed and acceleration, and time share of
vehicle stop. However, dependences based on average ac-
celeration, average deceleration and relative positive accel-
eration are rather difficult to interpret.

5. Conclusions

The impact of vehicle driving pattern on combustion
engine’s fuel consumption and pollutant emission is clearly
visible and unquestionable. It is then possible to quantify
this impact using statistical parameters of driving pattern,
determined for a given course of vehicle speed over time.
Such parameters are the most useful and effective to ana-
lyze trends in fuel consumption, but relatively less in the
case of pollutant emissions.

The influence of driving pattern on fuel consumption
and pollutant emission of HEV depends strongly on the
structure of vehicle drive system and its control strategy.
The decisive factor is the algorithm, according to which the
electric motor assists the combustion engine, thus reducing
pollutant emission and fuel consumption under certain
driving conditions. Energy recuperation during braking,
with intensity depending on the driving pattern, also has
a significant impact. This makes HEVs different from
ICEVs in terms of the influence of driving pattern on pollu-
tant emission and fuel consumption, which has been con-
firmed by the results of this study.

Nomenclature

a'ay average acceleration

a'ay average deceleration

BEV battery electric vehicle

CO  carbon monoxide

COy normalized road emission of carbon monoxide
CO, carbon dioxide

CO,y normalized road emission of carbon dioxide
CVT continuously variable transmission

EUDC Extra Urban Driving Cycle

HEV hybrid electric vehicle

ICEV internal combustion engine vehicle
MPI  multi-point injection

NEDC New European Driving Cycle

NO, nitrogen oxides

NOxn normalized road emission of nitrogen oxides

PHEYV plug-in hybrid electric vehicle

Q fuel consumption

Qn  normalized fuel consumption

RPA relative positive acceleration

THC total hydrocarbons

THCy normalized road emission of total hydrocarbons

UDC Urban Driving Cycle

Ugop  time share of vehicle stop

[v-alay average absolute value of the product of speed and
acceleration

vay  average speed

WLTC Worldwide Harmonized Light Vehicles Test Cycle
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An investigation of the fuel injector dedicated to the aircraft opposed-piston
two-stroke diesel engine

The paper presents the research results of the injector construction with the modified injection nozzle. The injector is designed for a
prototype opposed-piston aircraft diesel engine. The measurements were based on the Mie scattering technique. The conditions of the
experiment corresponded to maximum loads similar to those occurring at the start. The measuring point was selected in line with the
analysis of engine operating conditions: combustion chamber pressure at the moment of fuel delivery (6 MPa) and fuel pressure in the
injection rail (140 MPa). The analysis focused on the average spray range and distribution, taking into account the differences between
holes in the nozzle. As a result of the conducted research, the fuel spray range was defined with the determined parameters of injection.
The fuel spray ranges inside the constant volume chamber at specific injection pressures and in the chamber were examined, and the

obtained results were used to verify and optimize the combustion process in the designed opposed-piston two-stroke engine.

Key words: diesel engine, injector, opposed-piston engine, spray range

1. Introduction

The correct process of fuel spraying in the combustion
chamber is extremely important because the engine
achieves optimal operating parameters and minimizes the
emission of toxic substances. Injection equipment has
a significant role in the formation of an air-fuel mixture and
influences the fuel flow rate from nozzles, the range of the
fuel flow front and the way of distribution of fuel droplets
in the combustion chamber [1]. Registration of images
inside the combustion engine cylinder meets with a number
of difficulties, mainly related to high temperature and pres-
sure, limited access to the cylinder and very high dynamics
of recorded phenomena [7]. However, optical techniques
are becoming more and more popular, as evidenced by
studies using fixed volume chambers in universities and
R&D centres in China [5], Spain [5, 9] or simulation stud-
ies conducted in centres in Korea and the USA [6] or in
Germany and Slovenia [10].

The research engine was a newly designed internal Die-
sel engine. The unit is characterized by three cylinders with
three pairs of opposed-pistons. The engine will generate
a power output equal to 100 kW at a crankshaft rotation
speed of 3800-4000 rpm, with a capacity of about 1.6 1,
with a Diesel cycle. The engine will be equipped with
a direct Diesel injection system [3]. It was assumed initially
that the chamber to test fuel spray in the engine injection
analysis should maintain nitrogen or air pressure at the level
of Ppow = 5-8 MPa. Due to the examination of the spraying
process only, without combustion, high temperatures will
not be reached. The diameter of these chambers is in the
range of 70-220 mm, their height is 33—120 mm, and opti-
cal access is from 2-6 sides of the chamber. The studies
carried out at the Poznan University of Technology [7, 13,
14] used windows made of 30 mm thick quartz glass in-
stead, which enabled the researchers to set the compression
pressure at the level of 10 MPa and to record the penetra-
tion of the spray with a camera.

In the test engine injection chamber, there is no need to
install a piston inside the chamber, but it is necessary to
install an injector, pressure and temperature sensors and

a gas supply valve in order to maintain a given pressure
during the tests. Three windows will provide optical access
for sufficient observation of the spray distribution. Due to
the diameter of the test engine cylinder of 65-70 mm, the
chamber parameters of ® = 100 and H = 120 can ensure
convenient testing capabilities to obtain a volume of nearly
1 dm’. Figures 1—4 below present a graphical documenta-
tion of constant volume chambers used in selected studies.

Fig. 1. View of the constant volume chamber — Poznan University
of Technology: 1 — injector, 2 — injector housing, 3 — air pressure sensor,
4 — electromagnetic air valve outflow, 5 — lighting, 6 — quartz glass [13]

Fig. 2. Constant volume chamber at RWTH Aachen, Germany [8]
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Fig. 3. A research stand for the optical tests of fuel injection and spraying
process — Poznan University of Technology [13]

Fig. 4. Constant volume test chamber — Technical University of Valencia [11]

2. Research scope

In order to do the analysis of optical tests of the fuel in-
jection process, a series of measurements of the spray range
in a constant volume chamber at the injection pressure of
140 MPa and in the chamber (counter pressure) of 6 MPa
was carried out. The aim of the research was to determine
the range of the fuel spray at specific parameters of its in-
jection. The studies were to enable the evaluation of the
range of fuel spray inside the constant volume chamber at
a specific injection pressure and in the chamber. The condi-
tions of the experiment corresponded to the maximum loads
similar to those occurring at the start. The measuring point
was selected on the basis of the analysis of engine operating
conditions: combustion chamber pressure (6 MPa) at the

moment of fuel delivery and fuel pressure in the injection
rail (140 MPa).

The investigations of fuel jet penetration were carried
out in a constant volume chamber with the following pa-
rameters: maximum working pressure of 15 MPa, optical
access in the shape of a circle with a diameter of 160 mm,
volume of about 5.5 dm’. A piezoelectric Kistler sensor
(0-25 MPa) measured the pressure in the chamber, while
a piezoresistive Kistler sensor (0-200 MPa) measured the
fuel pressure. To generate fuel pressure, a Common Rail
system with a pressure control of 0-200 MPa was used. The
chamber was equipped with two MI12x1.5 or M14x1.5
connections sealed on a 60 deg cone. In order to carry out
the tests, a dedicated injector mounting was made to the
chamber.

The Photron FAST-CAM SAIl.1 UltraHigh-Speed Vi-
deo System used in this research is applied in ballistics,
material research, the defence and aerospace industries,
fluid dynamics and PIV. It uses a modern CMOS sensor to
achieve sensitivity and speeds that were previously unavail-
able. Its maximum speed exceeds 600,000 fps, its global
shutter operates regardless of the selected refresh rate, and
its dead time between successive stages is less than a mi-
crosecond. Figure 5 shows the camera. The tests were per-
formed at 5400 fps and 1024 x 1024 resolution, which
ensured optimal results.

Fig. 5. Photron FASTCAM SA1.1 — a camera view [12]

The evolution of the range of the fuel spray in the high-
pressure chamber was measured. The research included the
measurements with a high speed camera based on the Mie
scattering technique with global lighting (7 repetitions for
a specific measurement point).

The preparation of the test stand and measurements for
a single measurement point included:

a) designing and making assembly elements of the re-
searched injector.

b) measuring (7 repetitions) the injection at a frequency
of min. 10 000 Hz for a given injection pressure (fuel pres-
sure) and counter pressure (chamber pressure).

¢) graphic processing the collected images - determina-
tion of the relationship between the spray range and time.

The Bosch Injector No. 0 445 110 135 was used for the
optical testing of the fuel injection process. This injector is
shorter than typical electromagnetic injectors. The holes in
the nozzles were electro-drilled, and their edges were
rounded. There are two holes with a diameter of ® = 0.14
mm, placed on the circumference every 180° (Fig. 6).
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Fig. 6. Location of the spray holes

In order to determine the precise geometry of the inside
of the nozzle and verify the correctness of hole welding,
a tip scanning was carried out with the SkyScan 1173 device.
It is a high-energy (130 kV) micro-scanner dedicated to large
objects and capable of spiral scanning allowing for a 2D/3D
image analysis and a realistic visualization of the internal
structure with a spatial accuracy of at least 7 um [2].

Figure 7 shows the scanner capabilities on the example
of the injector. Figure 8 shows the scanned tips of the noz-
zle used in the engine, while Figure 9 shows the scanning
effects.

Fig. 7. Sample scanning [2]

Fig. 8. Scanning of the spray tip

Fig. 9. Results of the scanning of the spray tip with its welded holes
— scanning accuracy 10 pm

3. Test results and analysis

Figures 10 and 11 show the measurement results for
seven repetitions, separately for the left and right nozzle
holes. The total registration time was 10 ms, but the most
important is the period from O to 2 ms, because such injec-
tion time will occur in the designed engine, for which the
injector is dedicated. The diameter of the combustion
chamber is 65-70 mm. The injector is placed perpendicu-
larly to the cylinder axis, so that the range of the spray does
not exceed the dimensions of the cylinder. Obtained after

Fig. 10. Fuel spray ranges at the measurement point: injection pressure
140 MPa, in the chamber 6 MPa, left hole

COMBUSTION ENGINES, 2019, 177(2)

153



An investigation of the fuel injector dedicated to the aircraft opposed-piston two-stroke diesel engine

2 ms range of 60 mm is correct, because during this time
the spray does not reach the wall of the opposed-piston
engine. The achieved spray ranges within 2 ms are repeata-
ble, and overlapping. Initially, the shape of the curve is
similar to a parabola, then, after 4 ms, it is flattened almost
to a straight line. This is due to the fact that as the distance
from the atomizer increases, the kinetic energy of the
stream decreases. The effect of counter pressure is also
visible. Figure 12 shows the average range of the spray at
the measuring point for both nozzle holes. The mean ranges
from left and right holes do not differ significantly from
each other. The combustion chamber is symmetrical, so the
same propagation of the spray was expected.

Fig. 11. Fuel spray ranges at the measurement point: injection pressure
140 MPa, in the chamber 6 MPa, right hole

Table 2 shows the images recorded at the selected peri-
od of time, showing the average range of individual sprays
at the indicated measuring points. The research was carried
out at a single measurement point for which 7 repetitions
were made. The ranges from the left and right spray tip hole
were analysed separately. The sizes of the ranges for the
left and right sprays tips are significantly similar. A further
development of the spray pattern results in a different size
of the spray ranges because of partial evaporation of indi-
vidual sprays and a change in fuel concentration at the
liquid-air border [13].

Fig. 12. Average fuel spray ranges at the measurement point: injection
pressure 140 MPa, in the chamber 6 MPa

Table 2. Range of the spray at the measuring point

. . Length Number
Measuring point (140/6 MPa) [mm] of droplets
0,5 ms 1,0 ms 2,0 ms
3,0 ms 4,0 ms 5,0 ms
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Conclusions

The research was dedicated to the spray range in the
constant volume chamber with a high speed camera. The
analysis of the injection process enabled us to determine the
nature of fuel spraying as well as the length and speed of
the spray.

As a result of the study, the range of fuel spray was de-
termined at constant injection parameters. The fuel spray
penetration ranges inside the constant volume chamber at

specific injection pressures and in the chamber were exam-
ined. The obtained results will be used to verify and opti-
mize the combustion process in the research engine.
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Analysis of the uniqueness of the combustion process of the Perkins 1104D-E44TA
engine in dual-fuel operation powered by natural gas and diesel fuel

The paper presents the results of the research on the uniqueness of the combustion process in the Perkins 1104D-E44TA engine
already equipped with a Common Rail injection system, and then adapted on an engine test stand to dual-fuel operation. The result of the
combustion process is an indicator diagram. The combustion process in the cylinder of the tested engine was evaluated by determining
the uniqueness indicators of subsequent operating cycles, such as: the uniqueness indicator for the maximum pressure of the operating
cycle, the uniqueness indicator for the mean indicated pressure, the uniqueness indicator for the indicated diagram and the uniqueness
indicator for the partial indicator diagram. The conducted tests and the analysis of the results showed the impact of dual-fuel power
supply of the tested engine on the combustion process, as compared to supplying the engine only with diesel fuel, for which it has been

optimized.

Key words: dual-fuel, natural gas, combustion process, indicator diagram, uniqueness of combustion process

1. Introduction

Fuels for compression-ignition combustion reciprocat-
ing engines must have high atomization, evaporation and
air mixing capability, so as to ensure easy engine start-up as
well as long service life and reliability. The conventional
fuels used to power these engines are diesel fuels obtained
from crude oil in the process of its distillation and in the
process of secondary processing of heavy distillation resi-
dues. Diesel fuels are a mixture of many different hydro-
carbons with different properties and structure of mole-
cules, containing from 14 to 20 carbon atoms in a molecule,
boiling at a temperature from 150°C to 380°C [1]. Its density
at a temperature of 15°C is approximately 817-856 kg/m’.
Diesel fuels include the following hydrocarbons: linear
paraffinic, branched isoparaffinic as well as naphthenic and
aromatic with a ring structure. The number of individual
hydrocarbon groups in diesel fuel determines its physico-
chemical properties affecting the efficiency of engine oper-
ation and the toxicity of exhaust fumes. In the elemental
composition, diesel fuels contain about 86% of carbon and
14% of hydrogen [23, 24]. The properties of modern diesel
fuels used to power compression-ignition engines are well
known, defined in detail and adapted to engine require-
ments. They are mainly characterized by good compres-
sion-ignition properties. They have a high calorific value
per unit of mass as well as per unit of volume. Diesel fuels
are relatively easy to store, transport and use as a fuel for
combustion engines. The properties of diesel fuels change
as needed, by modifying their hydrocarbon composition
and introducing various additives.

Natural gas is an interesting alternative to power recip-
rocating combustion engines. It presents smaller risk to the
environment compared to crude oil or coal. It is a fuel
which occurs in large quantities and is characterized by
favorable properties in terms of possibilities to power com-
bustion engines [3, 21, 28]. First and foremost, by a simple
chemical structure, which determines fast and complete
combustion, low content of toxic compounds and solids, as
well as a smaller quantity of carbon dioxide in exhaust

fumes. It consists mainly of one, the simplest carbon-
hydrogen compound, methane. Its content in natural gas
may be 85-99% [5]. Natural gas also includes other hydro-
carbons such as ethane, propane, butane, isobutane, hexane,
heptane, octane, pentane, isopentane. It may also contain
impurities such as carbon dioxide, nitrogen, hydrogen sul-
phide, helium and small amounts of water vapor [2]. Natu-
ral gas is lighter than air. In the case of tank leaks, it quick-
ly rises up to higher atmospheric layers. It forms explosive
mixtures with air. The autoignition temperature of com-
pressed natural gas can range from 480°C to approximately
630°C [11]. Under normal conditions, the density of natural
gas vapor is 0.72-0.76 kg/m’ [8]. The properties of natural
gas are largely determined by the properties of methane,
which is its main component. The boiling point of methane
is —161.0°C and the melting point is —182.0°C [9]. Its au-
toignition temperature is 595°C [10]. It has a high octane
number of about 130, which means that it is resistant to
detonation.

The properties of diesel fuel and natural gas presented
above are significantly different. They make natural gas
easier to use for powering spark-ignition engines. Accord-
ing to [26, 27], the autoignition temperature of natural gas
can be 650°C and for diesel fuel 250°C. Diesel fuels have
the ability of autoignition at the level of the cetane number
of 45-55, whereas natural gas is resistant to detonation
described by the octane number at the level of 120-130
[12]. This makes it more difficult to use natural gas in com-
pression-ignition engines. The natural gas/air mixture com-
pressed in the cylinder will not self-ignite. An ignition
source is required to initiate the combustion of a natural
gas/air mixture. In addition, natural gas burns slower than
liquid petroleum fuels for supplying high-speed combustion
engines.

The calorific value per unit of mass for natural gas is
greater than the calorific value of diesel fuel [4, 28, 29].
However, the density of natural gas at ambient conditions
is, of course, much lower than that of diesel fuel. Thus, the
calorific value of the gaseous fuel per volume unit at ambi-

156

COMBUSTION ENGINES, 2019, 177(2)



Analysis of the uniqueness of the combustion process of the Perkins 1104D-E44TA engine...

ent conditions is smaller than of diesel fuel. In order to
increase the energy density of natural gas, it is necessary to
compress it to high pressures (about 20 MPa) or to con-
dense it at a temperature of about —162°C and ambient
pressure. Compression or condensation of natural gas is
technologically and technically possible, but also causes
additional problems in terms of transport, storage and use
for powering the engines.

There are two options of the use of natural gas for pow-
ering compression-ignition engines. The first is the intro-
duction of significant changes in the engine structure, i.e. a
reduction in the compression ratio and the introduction of
the ignition system. In fact, a compression-ignition engine
becomes a spark-ignition engine and can no longer be pow-
ered by diesel fuel. The second option is the use of dual-
fuel supply [13, 14, 22, 25]. This means that two fuels can
be burned simultaneously in a cylinder of a dual-fuel en-
gine: natural gas and diesel fuel. Diesel fuel, injected at the
end of the compression process, is the source of ignition of
the natural gas. This approach allows the engine to be pow-
ered by two fuels simultaneously or by diesel fuel only. The
technology of dual-fuel powering of compression-ignition
engines by natural gas and diesel fuel is still being devel-
oped. The conducted research concerns, among others, the
processes of fuel-air mixture formation and combustion
while simultaneously powering the engine with natural gas
and diesel fuel.

2. Object of the study

The object of the study was a four-cylinder compres-
sion-ignition engine Perkins 1104D-E44TA equipped with
a Common Rail injection system with direct fuel injection
and electromagnetically controlled injectors. It meets the
Tier 3 emission standard for engines with non-road applica-
tions [19]. It is equipped with a forced induction with
a turbocharger controlled by a blow off valve connected to
the solenoid valve controlled by an electronic unit control-
ling the engine operation. On the basis of information pro-
vided by the sensors determining the engine operating con-
ditions, this unit calculates the injected fuel dose, control-
ling the value of pressure in the fuel tank and the time of
injection as well as charging pressure. The basic technical
data of the tested engine are presented in Table 1.

Table 1. Basic technical data of the Perkins 1104D-E44TA diesel engine

Parameter Unit Value
Cylinder arrangement - straight
No of cylinders - 4
Injection type - direct
Type of fuel system - Common Rail
Max. engine power kW 96,5
Engine speed at maximum power rpm 2200
Max. torque Nm 516,0
Engine speed at max. torque rpm 1400
Engine cubic capacity m’ 44-10°
Cylinder diameter mm 105
Piston stroke mm 127
Compression ratio - 16.2

Air supply system - turbocharger, intercooler

Perkins 1104D-E44TA engine, located at the engine test
stand in the Heat Engines Laboratory at the Kielce Univer-
sity of Technology, has been adapted to dual-fuel operation
using the compressed natural gas CNG and diesel fuel ON.
This engine is equipped with a CNG powering system with
an electronic control unit of the OSCAR-N DIESEL system
[7]. The flow chart of the Perkins 1104D-E44TA engine
powering system by CNG of the OSCAR-N DIESEL sys-
tem is shown in Figure 1. Gaseous fuel is delivered to the
intake system between the turbocharger and the intercooler.
Natural gas is fed by means of four injectors mounted on
a common rail. Injectors supply gas fuel through flexible
hoses to the hose, where the air from the turbocharger flows
to the cooler. The mixture of gaseous fuel and air after
passing through the cooler is fed to the engine cylinders. It
is compressed in the engine cylinders. At the end of the
compression process, a reduced amount of diesel fuel is
injected into the cylinder, which then ignites itself and
starts the process of combustion of the gas fuel accumulated
in the cylinder. The amount of gaseous fuel supplied to the
engine intake system shall be determined by the controller
of the system for powering the engine with this fuel. This
depends on the operating conditions of the engine. The
amount of natural gas supplied to the cylinder must not
exceed the amount causing detonation and exceeding the
permissible temperatures. This means that at higher loads,
the dose of natural gas is reduced and the dose of diesel fuel
is increased. In the absence of gaseous fuel, the engine is
conventionally powered by diesel fuel.

Fig. 1. The flow chart of the natural gas fuelling system OSCAR-N DIESEL.: 1

— Perkins 1104D-E44TA engine, 2 — controller of the engine gas fuelling

system, 3 — computer, 4 — reducer, 5 — gas system switch, 6 — gas injectors,

7 — turbocharger, 8 — gas pressure regulator, 9 — temperature sensor, 10 —
emulator, 11 — ignition switch, 12 — air filter

3. Engine test stand

The tests were carried out on an engine test stand locat-
ed in the Heat Engines Laboratory at the Kielce University
of Technology. Perkins 1104D-E44TA engine being tested
at this stand is connected with an eddy current brake, which
enables the engine to operate under various load and crank-
shaft speed conditions. The change of the engine test
stand’s operational parameters is carried out by means of
a control module located in the control room of the test
stand. The measurement of the mass consumption of diesel
fuel in the tested engine is carried out using the fuel gauge
manufactured by Automex. Mass consumption of natural
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gas is measured at the test stand using the Coriolis flow
meter by Emerson. An accurate measurement of the mass
of air supplied to the cylinders is carried out using an ABB
flow meter. The diagram of the engine test stand on which
the tests were performed is shown in Fig. 2.

Fig. 2. Test stand elements: 1— Perkins 1104D - E44TA engine, 2 — Au-
tomex AMX 200/6000 brake, 3 — measurement module, 4 — measurement
cabinet with stand control system, 5 — computer to control station parame-
ters and archive test results, 6 — Automex ATMX2040 mass fuel dosime-
ter, 7 — ABB mass air flow meter, 8 — Coriolis flow meter for measurement
of CNG consumption, 9 — sensor of the pressure in the engine cylinder, 10
— engine crank angle encoder AVL 365C, 11 — converter for measuring the
current controlling the operation of the injector LA25NP, 12 — AVL
IndiSmart 612 system for indicating fast-changing quantities, 13 — com-
puter for archiving fast-changing quantities

The tests of the working medium pressure in the Per-
kins 1104D - E44TA engine cylinder were carried out using
the AVL IndySmart 612 measuring system. It consisted of
the following elements:

* AVL IndiSmart 612 data acquisition system,
* piezoelectric pressure sensor in the AVL GH13P/AG04
engine cylinder,
» optical encoder of an engine crank angle AVL 365C.
The piezoelectric sensor enables the continuous meas-
urement of the pressure in the engine cylinder. The ana-
logue signal from the sensor is sampled at high frequency.
The AVL 365C photoelectric encoder used in the system
generates 720 electrical impulses per revolution. This al-
lows the pressure to be measured in increments of 0.5°of
the crank angle. The measurement system enables the mul-
tiplication of this signal, which allows to increase the reso-
lution of the measurement to 0.1° of the crank angle. AVL
Indicom Mobile 2012 is used to operate the engine cylinder
pressure measuring system. It allows, among other things,
to record pressure for subsequent operation cycles and to
draw up mean indicator diagrams. It also enables the analy-
sis of the combustion process based on the heat released
during this process. The system for measuring the fast-
changing quantities of the tested engine has been addition-
ally equipped with a system for measuring the current con-
trolling the operation of the injector. This system was con-
nected in series to the line controlling the operation of the
injector of this cylinder, in which the pressure was recorded.
It made it possible to record the profile of the current control-
ling the operation of the injector as a function of the crank
angle. The flow chart of the fast-changing quantity measure-
ment system used during the tests is shown in Fig. 3.

Fig. 3. The flow chart of the measurement system of fast-changing quanti-
ties of Perkins 1104D-E44TA engine used for testing

4. Indicator diagrams for Perkins 1104D-E44TA engine

in dual-fuel operation

Tests of Perkins 1104D-E44TA engine running on
compressed natural gas and diesel CNG + Diesel in dual-
fuel operation and, for comparison, when powered by diesel
fuel only, were conducted when it was operating according
to the external speed characteristics and the load character-
istics for crankshaft speed n = 1800 rpm. Using the AVL
IndiSmart 612 system for measuring fast-changing quanti-
ties, the pressure waveform in the cylinder of the engine
under test were recorded for subsequent fifty operating
cycles under steady state conditions. The measurements of
the pressure in the cylinder were carried out with a resolu-
tion of 0.1° of the crank angle. Diagrams constituting Fig-
ure 4 show example results of pressure measurements in the
engine cylinder as a function of the crank angle for subse-
quent fifty operating cycles of the Perkins 1104D-E44TA
engine in dual-fuel operation and powered by diesel fuel
only. The diagrams show that in the case of an engine pow-
ered by CNG and diesel fuel, the spread of the maximum
combustion pressures is significantly greater than the
spread of these values obtained in an engine powered by
diesel fuel only. It should be noted that the diagrams pre-
sented were developed at low engine load, where the share
of natural gas in total fuel consumption is high. The sets of
indicator diagrams determined under the steady state oper-
ating conditions, while powering the tested engine with a
specific fuel, were used to calculate the uniqueness of the
combustion process. Figure 5 shows a comparison of the
pressure waveforms during the combustion process in the
Perkins 1104D-E44TA engine cylinder operating according
to external speed characteristics for selected crankshaft
speeds n = 1400, 1800 and 2200 rpm, in dual-fuel operation
CNG + Diesel and powered by diesel fuel only. For the two
different powering methods tested, slight differences in the
pressure waveforms were obtained. Figure 6 shows a com-
parison of the pressure waveforms during the combustion
process in the Perkins 1104D-E44TA engine cylinder oper-
ating according to the load characteristics for crankshaft
speed n = 1800 rpm, with selected loads of the engine T =
= 20, 200 and 450 Nm, in dual-fuel CNG + Diesel opera-
tion and powered by diesel fuel only. In this case, greater
differences in pressure waveforms during the combustion
process at lower loads can be noted. These differences
become smaller as the load increases. This is due to the fact
that as the load increases, the energy share of natural gas in
the total amount of energy supplied to the engine cylinders
significantly decreases. The energy share of natural gas in
the total energy supplied to the engine cylinders for the
tests performed is shown in Fig. 7.
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Fig. 4. Example sets of indicator diagrams determined under steady state

conditions for subsequent operating cycles of Perkins 1104D-E44TA

engine in dual-fuel CNG + Diesel operation and powered by diesel fuel

only, operating according to the load characteristics for crankshaft speed
n= 1800 rpm and load T =20 Nm

Fig. 5. Comparison of the pressure waveforms during the combustion

process in the Perkins 1104D-E44TA engine cylinder operating according

to external speed characteristics for selected crankshaft speeds n = 1400,

1800 and 2200 rpm, in dual-fuel CNG + Diesel operation and powered by
diesel fuel only

Fig. 6. Comparison of the pressure waveforms during the combustion

process in the Perkins 1104D-E44TA engine cylinder running according to

the load characteristics for crankshaft speed n = 1800 rpm, with selected

loads of the engine T = 20, 200 and 450 Nm, in dual-fuel CNG + Diesel
operation and powered by diesel fuel only
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Fig. 7. The energy share of natural gas in the total energy input to the
cylinders of the Perkins 1104D-E44TA engine running in dual-fuel CNG +

Diesel operation and according to external speed characteristics and load
characteristics for crankshaft speed n = 1800 rpm
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5. Combustion process uniqueness indicators

The result of the processes taking place in a reciprocat-
ing combustion engine is an indicator diagram. It makes it
possible to determine the basic indicators of engine opera-
tion and combustion process parameters. With subsequent
indicator diagrams of the operating engine, it is possible to
assess the correctness of the combustion process. The aim
is to ensure that the indicator diagrams of the engine run-
ning under steady operating conditions are the same. In
fact, these diagrams vary. Each subsequent pressure wave-
form in the cylinder is different from the previous one. This
is the result of the variability of the processes occurring in
the engine: air supply process, fuel injection process, fuel-
air mixing process, ignition initiation or autoignition pro-
cess, environmental condition variability. An important
factor affecting the course of subsequent operating cycles in
the engine cylinder during its tests on the test stand is the
ability to ensure stable engine operation parameters [20]:
crankshaft speed, torque curve, constant temperatures and
pressures of: collector air, engine lubricating oil and cool-
ing liquid. The lack of repeatability of these processes oc-
curring in the engine and the variability of the engine oper-
ating conditions causes that the subsequent cycles of its
operation differ. This may affect the values of the engine's
performance indicators, including engine noise and exhaust
fumes composition. In addition, the problem of the unique-
ness of subsequent indicator diagrams should be taken into
account when analyzing them. A single recorded pressure
waveform may not be representative of the engine and the
indicators determined on its basis. Therefore, usually for
the analysis of the indicator diagram, a mean diagram of
several dozen operating cycles measured under steady con-
ditions of the engine operation is prepared. It may then be
assumed that such an indicator diagram is representative of
an engine operating under the specified conditions.

Uniqueness is a statistical parameter used to character-
ize the variability of the data set obtained from measure-
ments. The uniqueness of the combustion process can be
assessed by determining the uniqueness of the parameters
characterizing this process [15-18, 20]. Classical indicators
of the uniqueness of the combustion and fuel injection
process have been discussed, among others, by Heywood
[6]. The combustion process is analyzed on the basis of
indicator diagrams and parameters determined on its basis.
The uniqueness or, in other words, variability of these pa-
rameters shall be determined by dividing the standard devi-
ation of a given parameter by its mean value in the set of
results:

-9y
Xy =2 (1)
where: oy — standard deviation of parameter Y, Y - ave-
rage value of the parameter under consideration.

The paper includes the analysis of the uniqueness for
the combustion process of Perkins 1104D-E44TA engine
running on compressed natural gas and diesel fuel in dual-
fuel operation and on diesel fuel only. The values of four
uniqueness indicators for subsequent engine operating cy-
cles were determined: the uniqueness indicator for the max-
imum combustion pressure of the operating cycle, the
uniqueness indicator for the mean indicated pressure, the

uniqueness indicator for the indicator diagram and the
uniqueness indicator for the partial indicator diagram.

The values of the uniqueness indicator for the maxi-
mum combustion pressure of the operating cycle were cal-
culated with the equation:

o \/;I g(Pmax,i _5max )2

X, ~=Lmx - VT @)

P max

p max p max

where: pma.xi — maximum combustion pressure of the i-th
operating cycle of the engine, 0,  — standard deviation

of the maximum combustion pressure, p,,x — average

maximum combustion process pressure calculated from N
engine's subsequent operating cycles, N — number of subse-
quent engine operating cycles recorded.

The indicator of the uniqueness of the mean indicated
pressure has been calculated using the equation:

1N Y
o. Eg i,i _pi)
Xp; == =15 3)
Pi Pi
where: Op, — standard deviation of the mean indicated

pressure value, p; — average value of the mean indicated

pressure from the subsequent N operating cycles of the
engine, p;; — average indicated pressure of the i-th cycle.

The uniqueness indicator for the indicator diagram was
determined from the following formula:

1 N/
Xg= = Nigl(fi > )2

4
S S 4

where: og — standard deviation of the area under the opened
indicator diagram, S — mean value of the area under the
opened indicator diagram calculated for subsequent N oper-
ating cycles of the engine, S; — area under the i-th opened
indicator diagram.

The area under the opened indicator diagram was calcu-
lated from the formula:

Ok
S= [pda %)

Op

where: oy, oy — values of the crank angle corresponding to
the first and last point on the analyzed indicator diagram.

The uniqueness indicator for the partial indicator dia-
gram has been calculated using the equation:

1 N _
oy N/E,_(Sc,i‘sc)z
Xg, =—C =1 i (6)

where: Og, — standard deviation of the area under the

curve of the opened indicator diagram from the closing of

inlet valves to the opening of outlet valves, Sc — mean
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value of the area for the following N diagrams calculated
under the opened indicator curve from the closing of inlet
valves to the opening of outlet valves, Sc; — value of the
area under the curve of the i-th opened indicator diagram
from the closing of inlet valves to the opening of outlet
valves.

The surface area under the curve of the partial indicator
diagram limited by the crank angle at which the inlet valves
close and the crank angle at which the outlet valves begin to
open is calculated from the formula:

GOW
Sc = [pda @)
Ozd
0.4, Oow — Values of the crank angle corresponding respec-
tively to the closing of inlet valves and opening of outlet
valves.

6. Analysis of the uniqueness indicators

for the combustion process of the Perkins

1104D-E44TA engine in dual-fuel operation

running on natural gas and diesel fuel

The diagrams below present the comparison of the
uniqueness indicators of the combustion process of Perkins
1104D-E44TA engine running on compressed natural gas
and diesel fuel CNG + Diesel in dual-fuel operation and, for
comparison, on diesel fuel only. The results of the calcula-
tion of the uniqueness indicator for the maximum combus-
tion pressure of the operating cycle of the tested engine
operating according to the external speed characteristics are
shown in Figure 8. They obtain similar values for engines
in dual-fuel operation powered by CNG + Diesel fuel and
by diesel fuel only. The obtained values of this indicator do
not show an unambiguous correlation for the two methods
of powering. It should be noted, however, that the energy
share of natural gas in the total amount of energy supplied
to the engine during its operation according to its external
speed characteristics is practically below 20%. As a result,
there are no significant differences in the combustion pro-
cess on the indicator diagram. The values of the uniqueness
indicator for the maximum combustion pressure of the
operating cycle of the Perkins 1104D-E44TA engine run-
ning according to the load characteristics are shown in
Figure 9. For loads of 20, 50 and 100 Nm, higher values of
this ratio were obtained in the case of dual-fuel supply.
However, they decrease significantly as the load increases.
For loads above 100Nm, similar values of the uniqueness
indicator for the maximum combustion pressure of the
cycle of the tested engine in dual-fuel operation and run-
ning on diesel fuel were obtained. As the load increases, the
energy share of natural gas in the total amount of fuel sup-
plied to the cylinders decreases.

Figures 10 and 11 present the values of uniqueness indi-
cators of the mean indicated pressure of the Perkins 1104D-
E44TA engine, operating according to external speed char-
acteristics and load characteristics for crankshaft speed n =
1800 rpm, in dual-fuel operation powered by CNG + Diesel
and by diesel fuel only. In the case of dual-fuel operation of
the engine, greater values of the uniqueness indicator of the
mean indicated pressure as compared to the engine running
on diesel fuel were obtained. Definitely greater values of
this indicator were obtained for the smallest loads (20 Nm

and 50 Nm) at engine operation according to the load char-
acteristics. Under these engine operating conditions, the
energy share of natural gas in dual-fuel operation was 71%
and 62%, respectively. With an increase in engine load and
a decreasing share of natural gas from about 54% to about
16%, the differences in the analyzed indicator for the two
methods of powering are not so significant.

Fig. 8. Comparison of the value of the uniqueness indicator for the maxi-

mum pressure of the combustion process of the operating cycle of the

Perkins 1104D-E44TA engine operating according to external speed

characteristics, in dual-fuel operation, powered by CNG + Diesel and by
diesel fuel only

Fig. 9. Comparison of the value of the uniqueness indicator for the maxi-

mum pressure of the combustion process of the operation cycle in the

Perkins 1104D-E44TA engine cylinder, running according to load charac-

teristics for crankshaft speed n = 1800 rpm, in dual-fuel operation powered
by CNG + Diesel and by diesel fuel only

The values of the uniqueness indicator for the indicator
diagram and the uniqueness indicator for the partial indica-
tor diagram of the Perkins 1104D-E44TA engine in dual-
fuel operation powered by CNG + Diesel and diesel fuel
only are shown in Figures 12 to 15. For a dual-fuel engine,
both during operation according to external speed charac-
teristics and load characteristics, higher values of the
above-mentioned indicators were obtained. The greatest
differences in the values of uniqueness indicators of the
indicator diagram and partial indicator diagram for two
methods of powering the tested engine were obtained at low
engine loads.
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Fig. 10. Comparison of the value of the uniqueness indicator for the mean Fig. 13. Comparison of the value of the uniqueness indicator for the indi-

indicated pressure of the Perkins 1104D-E44TA engine operating accord- cator diagram for the Perkins 1104D-E44TA engine, operating according

ing to external speed characteristics, in dual-fuel operation powered by to load characteristics for crankshaft speed n = 1800 rpm, in dual-fuel
CNG + Diesel and by diesel fuel only operation powered by CNG + Diesel and by diesel fuel only

Fig. 11. Comparison of the value of the uniqueness indicator for the mean Fig. 14. Comparison of the value of the uniqueness indicator for the partial

indicated pressure of the Perkins 1104D-E44TA engine, running according indicator diagram of the Perkins 1104D-E44TA engine operating accord-

to load characteristics for crankshaft speed n = 1800 rpm, in dual-fuel ing to external speed characteristics, in dual-fuel operation powered by
operation powered by CNG + Diesel and by diesel fuel only CNG + Diesel and by diesel fuel only

Fig. 12. Comparison of the value of the uniqueness indicator for the indi- Fig. 15. Comparison of the value of the uniqueness indicator for the partial

cator diagram of the Perkins 1104D-E44TA engine operating according to indicator diagram for the Perkins 1104D-E44TA engine, operating accord-

external speed characteristics, in dual-fuel operation powered by CNG + ing to load characteristics for crankshaft speed n = 1800 rpm, in dual-fuel
Diesel and by diesel fuel only operation powered by CNG + Diesel and by diesel fuel only
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5. Conclusion

The research showed that when powering the Perkins
1104D-E44TA engine by both natural gas and diesel fuel,
the values of uniqueness indicators: mean indicator pres-
sure, indicator diagram and partial indicator diagram are
greater than when powering the engine by diesel fuel. Sig-
nificantly greater values of the above-mentioned indicators
were obtained at the lowest loads of the engine operating
according to the load characteristics. The obtained values of
the uniqueness indicator for the maximum combustion
pressure of the operating cycle of Perkins 1104D-E44TA
engine for the smallest loads of the engine operating ac-
cording to the load characteristics are also significantly
greater when powering the engine by natural gas and diesel
fuel. For the remaining measuring points, the values of this
indicator do not differ significantly and are not clearly
smaller or greater for one of the two methods of powering
the tested engine. The results obtained are certainly influ-
enced by significantly different physical and chemical
properties of natural gas and diesel fuel, as well as different

shares of natural gas in the total amount of fuel supplied to
the engine cylinders. The share of natural gas in the total
amount of fuel supplied to the engine cylinders could not be
the same, due to the possibility of detonation under greater
engine loads. With low engine loads and a high share of
natural gas in a dual-fuel supply, this type of supply has a
significant impact on the processes occurring in the engine
cylinder. The uniqueness of the combustion process is
clearly increasing. When the engine is running according to
external speed characteristics and at high loads, the unique-
ness for most of the indicators determined is greater in the
case of dual-fuel supply. However, these differences be-
tween dual-fuel operation and powering by conventional
fuels are not significant. According to the authors, further
research should be carried out on the uniqueness of the
combustion process in dual-fuel operation of the engine,
with constant load and different shares of natural gas in the
total amount of fuel supplied to the engine cylinders.
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Characteristics of pollutant emission from motor vehicles for the purposes
of the Central Emission Database in Poland

Within the Institute of Environmental Protection — National Research Institute the Central Emission Database is being established.
The Database will cover the most important emission sectors from anthropogenic activities, including usage of motor vehicles. The
intensity of emissions of individual pollutants is the input data to air pollution dispersion models. Based on calculations performed by the
air pollution dispersion models concentration of pollutants dispersed in atmospheric air (pollution immission) is provided. The annual
average immision for a selected place in Poland is a measure of the threat to environment. In order to determine the intensity of pollu-
tant emissions from motor vehicles it is necessary to recognize the intensity of vehicle motion and the volume of emission of pollutants
depending on the type of vehicle motion. The task presented in this article is to determine the characteristics of pollutant emissions from
motor vehicles depending on the type of their motion. The mean value of vehicle speeds was used to characterize the type of vehicle
motion. The emission of pollutants from vehicles is therefore characterized by the dependence of road emissions of pollutants on the
average speed of vehicles. The characteristics were determined for cumulated categories of motor vehicles: passenger cars, light com-
mercial vehicles as well as heavy duty trucks and buses. The results of the inventory of pollutant emissions from motor vehicles in Poland

in 2016 were used to determine the characteristics of pollutant emissions.

Key words: pollutant emission characteristics, motor vehicles, central emission base

1. Introduction

The Institute of Environmental Protection — National
Research Institute has undertaken a global-scale unique
enterprise to estimate emission in spatial scale from both
natural and anthropogenic sources, as well as modelling of
the dispersion of pollutants. As a result of this project, it
will be possible to determine the spatial distribution of
immission of pollution (concentrations of pollutants dis-
persed in the air) in Poland, averaged over the year for
which immission was determined. Information on pollu-
tant emissions is provided as a part of the Central Emis-
sion Database program. Estimated substances are listed
below:

— carbon monoxide — CO,

— non-methane volatile organic compounds — NMVOC,
— nitrogen oxides reduced to nitrogen dioxide — NO,,
— total suspended particles — TSP,

— particulate matter PM10 — PM10,

— particulate matter PM2.5 — PM2.5,

— carbon dioxide — CO,,

— sulphur oxides reduced to sulphur dioxide — SO,
— ammonia — NHj3,

— nickel — Ni,

— cadmium - Cd,

— lead - Pb,

— benzo(a)pyrene — B(a)P,

— mercury — Hg,

— arsenic — As.

In order to model the emission of pollutants it is neces-
sary to provide data of an extensive and intensive nature, on
the functioning of the sources of pollutant emissions and
data on emission characteristics. This article presents the
results of elaboration of emission characteristics from road
transport vehicles.

2. Methodology for determining the characteristics
of pollutant emissions from motor vehicles
Emission of pollutants from the set of motor vehicles is
a superposition of pollutant emissions. This is in line with
the assumption that the emissions inventory includes sub-
stances in the state emitted from emission sources [2, 5]
Emission of pollutants from motor vehicles is modelled as
the sum of [2, 4, 5, 10, 11]:
— emission from engine heated to a stable temperature,
— emission during the heating of the engine,
— emission from fuel evaporation from the fuel system of
the vehicle,
— particular matter emission related to tribological pro-
cesses.
The annual emission of pollutants (pollutant emission
averaged over 1 year) — E, from the set of motor vehicles is
equal:

E, =Y p, b, (1)

where: p — annual mileage of the vehicle, b — emission of
pollutant, N — number of vehicles in the set.

According to the Central Emission Database establish-
ing assumptions establishing, there are analyses conducted
for the following cumulative categories of motor vehicles:

— passenger cars,

— light commercial vehicles (light duty vehicles),
— heavy duty trucks,

— Dbuses,

— motorcycles and mopeds.

To estimate the emission of pollutants from cumulated
categories of motor vehicles, the results of the inventory of
pollutants from motor vehicles in Poland in 2017 calculated
by COPERT 5 software were used [9].
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Input data to COPERT model are [1-3, 9, 10]:

— number of vehicles,

— distance travelled (annual mileage),

— mileage share in the urban areas, rural areas and high-
ways,

— travelling velocity for urban areas, rural areas and
highways,

— monthly temperature (min and max),

— the sulphur content in fuels,

— the lead content in fuels,

— fuel compounds,

— heavy metals content in fuels,

— vapour pressure of fuels,

— average trip length.

The methodology of the selection of the COPERT input
data has been described in publications [1-3].

With the reference to equation (1), the emission of pol-
lutants from road transport is assumed as the value charac-
terizing the pollutant emission from motor vehicles. The
emission of pollutants depends in an operational calculus
on the vehicle speed, determining the engine operating
states: rotational speed and torque — engine load measures
[5]. In pollutants emission modelling, the most frequently
used zero-dimensional characteristic is the average vehi-
cle’s speed — vay. In this article, dependence of emission of
pollutants on the average speed of the vehicle is assumed as
a characteristic of the emission of pollutants.

The average value of the road emission of the pollutant
"j" for the set of vehicles is equal:

Zpi (b, (2)

= i=1
N
2P
i=1

In fact, it is not possible to average the results for indi-
vidual vehicles, therefore, the results for the elementary
categories of motor vehicles in the cumulative categories
are averaged:

j

K
N (b, .
_ ; « Py by (3)
K
Zpk (b,
=

where: K — number of elementary categories in the cumu-
lative category, Ny — number of vehicles in the category
K.

This paper presents the emission characteristics of mo-
tor vehicles for the following pollutants, particularly harm-
ful to the health of living organisms due to the properties of
the substances and volume of the emission road: carbon
monoxide, non-methane volatile organic compounds, ox-
ides of nitrogen and particulate matter divided into dimen-
sional fractions: total suspended particles, PM10 and PM2.5
particulate matter.

b,

J

3. Emission characteristics of selected pollutants from
motor vehicles in Poland for 2017
According to the equation (3) the average emission of
each pollutant was determined (on the basis of the calcula-
ted values of the national annual emission for the assumed

values of average vehicle speeds for cumulated categories
of motor vehicles). The sets of average emissions of pollu-
tants for cumulated vehicle categories in the domain of
average vehicle speed have been approximated by a poly-
nomial function from the 3" to the 6, degree. By that
means, the analytical form of the characteristics of road
emissions of pollutants was determined for individual cate-
gories of motor vehicles. Figures 1-30 present the emission
characteristics of selected pollutants from motor vehicles in
Poland for 2017. Figures 1-6 present the pollutants emis-
sion characteristics from passenger cars.

bco [g/km]
w

0 20 40 60 80 100 120 140
vav [km/h]

Fig. 1. The characteristic of the specific distance emission of carbon oxide
— beo from passenger cars
0.8
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0.2 \
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bxmvoc [g/km]

Fig. 2. The characteristic of the specific distance emission of non-methane
volatile organic compounds — bymvoc from passenger cars
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Fig. 3. The characteristic of the specific distance emission of nitrogen
oxides — byox from passenger cars
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Fig. 4. The characteristic of the specific distance emission of total particu-
late matter — brpy from passenger cars
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Fig. 5. The characteristic of the specific distance emission of particulate
matter PM10 — bpyo from passenger cars
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Fig. 6. The characteristic of the specific distance emission of particulate
matter PM10 — bpap s from passenger cars

For passenger cars, there is a significant sensitivity of
emission of pollutants to travel velocity. For low average
speed — in conditions of strong dynamic properties of the
speed process — in most cases, road emissions are signifi-
cantly higher than for moderate average speed. The sensi-
tivity of pollutant emissions to the dynamic work states is
particularly high for spark-ignition engines [4-6, 11] and
the share of these engines in the cumulative category of
passenger cars is high [1-3]. There is also a tendency of
increasing the emission of road pollutants for a very high
average speed, which results in a high engine load. For
particulate emissions from sources other than the exhaust
system, emission increasing is mainly due to the frictional
power at the contact of the wheels with the road surface.

Figures 7-12 present the pollutants emission characte-
ristics from light commercial vehicles.
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w
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Fig. 7. The characteristic of the specific distance emission of carbon oxide
— beo from light commercial vehicles
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Fig. 8. The characteristic of the specific distance emission of non-methane
volatile organic compounds — bymvoc from light commercial vehicles
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Fig. 9. The characteristic of the specific distance emission of nitrogen
oxides — byox from light commercial vehicles
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Fig. 10. The characteristic of the specific distance emission of total partic-
ulate matter — brpy from light commercial vehicles
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Fig. 11. The characteristic of the specific distance emission of particulate

matter PM10 — bpyo from light commercial vehicles
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Fig. 14. The characteristic of the specific distance emission of non-
methane volatile organic compounds — bxmvoc from heavy duty trucks
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Fig. 12. The characteristic of the specific distance emission of particulate
matter PM2.5 — bpyp.s from light commercial vehicles

The pollutant emission characteristics of light commer-
cial vehicles indicate a significant similarity to the charac-
teristics of passenger cars. In the case of substances emis-
sion of which strongly depends on the engine and the
vehicle load (primarily nitrogen oxides and particulate
matter), road emission from light commercial vehicles is
higher than for passenger cars.

Figures 13—18 present the pollutants emission characte-
ristics from heavy duty trucks.
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Fig. 13. The characteristic of the specific distance emission of carbon
oxide — bco from heavy duty trucks

15
— 10 1
g
=
K]
)
z
= 5
0 T T T T 1
0 20 40 60 80 100

Vay [km/h]

Fig. 15. The characteristic of the specific distance emission of nitrogen
oxides — byox from heavy duty trucks
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Fig. 16. The characteristic of the specific distance emission of total partic-
ulate matter — bypy from heavy duty trucks
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Fig. 17. The characteristic of the specific distance emission of particulate
matter PM10 — bpaio from heavy duty trucks
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Fig. 18. The characteristic of the specific distance emission of particulate
matter PM2.5 — bpyp s from heavy duty trucks

The dependence of road pollutants emissions on the
average speed of vehicles for heavy duty trucks is different
than for passenger cars and light commercial vehicles.
A tendency of emission decreasing is observed for increas-
ing vehicle speed. This is mainly due to the fact that there
are no vehicles with spark ignition engines in the cumulated
category of heavy duty trucks. Obviously, road emissions
from heavy duty trucks are higher than emissions from light
vehicles.

Figures 19-24 present the pollutants emission character-
ristics from buses.
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Fig. 19. The characteristic of the specific distance emission of carbon
oxide — bco from buses
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Fig. 20. The characteristic of the specific distance emission of non-
methane volatile organic compounds — bxmvoc from buses
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Fig. 21. The characteristic of the specific distance emission of nitrogen
oxides — bnox from buses
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Fig. 22. The characteristic of the specific distance emission of total partic-
ulate matter — bypy from buses
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Fig. 23. The characteristic of the specific distance emission of particulate
matter PM10 — bpyio from buses
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Fig. 24. The characteristic of the specific distance emission of particulate
matter PM2.5— bpumio from buses

COMBUSTION ENGINES, 2019, 177(2)

169



Characteristics of pollutant emission from motor vehicles for the purposes of the Central Emission Database in Poland

The emission characteristics for buses are similar to those
for heavy duty trucks. Therefore, the cumulative categories
of heavy duty trucks and buses are often combined in the
modeling of pollutant emissions from motor vehicles.

Figures 25-30 present the pollutants emission character-
istics from motorcycles and mopeds.
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g.25. The characteristic of the specific distance emission of carbon
oxide — bco from motorcycles and mopeds
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Fig. 26. The characteristic of the specific distance emission of carbon non-
methane volatile organic compounds — bxvvoc from motorcycles and

mopeds
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Fig. 27. The characteristic of the specific distance emission of nitrogen
oxides — byox from motorcycles and mopeds

The pollutant emission characteristics of motorcycles
and mopeds significantly differ from emission characteris-
tics of other cumulated vehicle categories. These are pri-
marily vehicles equipped with spark ignition engines,
sometimes two-stroke engines. For these engines, there is
a significant impact of the engine load on road emissions of
carbon monoxide and, in particular, nitrogen oxides.
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Fig. 28. The characteristic of the specific distance emission of total partic-
ulate matter — brpm from motorcycles and mopeds
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Fig. 29. The characteristic of the specific distance emission of particulate
matter PM10 — bpaio from motorcycles and mopeds
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Fig. 30. The characteristic of the specific distance emission of particulate
matter PM2.5 — bpyp s from motorcycles and mopeds

4. Recapitulation

Modeling of pollutants immission is of great practical
significance. Measurements of pollution immissions are
possible only in selected places, while knowledge about
threats in other areas is insufficient. Extensive modeling of
emissions and immission of pollution throughout Poland,
undertaken by the Institute for Environmental Protection —
National Research Institute, is a global-scale unique project.

In order to assess the emission of pollutants from motor
vehicles, the knowledge of vehicle motion intensity and
character, described by the value of vehicle speed, and
emission characteristics are of key importance.

This article presents pollutant emission characteristics
determined for cumulated categories of motor vehicles for
the first time in Poland based on an inventory of pollutant
emissions from road transport [12].
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The determined characteristics represent the correlation
consistent with the current state of the knowledge, includ-
ing characteristics presented in the literature [4], deter-
mined based on the INFRAS AG software [11] and numer-

ous results of empirical research [6—8]. The results of the
current studies on the system developed under the Central

Emis

sion Base allow for an optimistic assessment of deter-

mined emission characteristics of motor vehicles.

Nomenclature
As arsenic Ni nickel
b specific distance emission Ni number of vehicles in the category ,.k”
Cd cadmium NMVOC non-methane volatile organic compounds
CO carbon monoxide NO, nitrogen oxides
CO, carbon dioxide Pb lead
ﬁa annual emission PM10 particular matter PM10
& mereury L PM2.5 particular matter PM2.5
K number of elementary categories in the cumu- .
fati SO, sulphur oxides
ative category' TPM total particular matter
N number of vehicles .
. Vav average velocity
NH; ammonia
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DME as alternative fuel for compression ignition engines — a review

The ecological issues and the depletion of crude oil, has led the researchers to seeking for non-petroleum based alternative fuels,
along with more advanced combustion technologies, and after-treatment systems. The use of clean alternative fuels is the one of the most
perspective method that aiming at resolving of the said issues. One of the promising alternative fuels that can be used as a clean high-
efficiency compression ignition fuel with reduced of toxic emissions is dimethyl ether (DME). Moreover, it can be produced from various
feedstocks such as natural gas, coal, biomass and others. This article describes the properties and the potential of DME application on
the combustion and emission reduction characteristics of the compression ignition engines.

Key words: alternative fuels, dimethyl ether, DME, internal combustion engine, emission reduction

1. Introduction

Environmental pollution is the one of the most serious
problems that the world is facing today, which is causing by
the exhaust gases due to the burning of the fuels. This issue,
leads to increasing the stringent regulations that are aimed
to lowering the toxic emissions [6-8].

Internal combustion engines (ICE) have been widely
used in the different sectors (i.e., transport, industry, agri-
culture etc.) due to their improved durability and efficiency.
Unfortunately, the main energy source for piston engines
nowadays is a crude oil, which stocks are significant, but
not limitless. Continuously growing of the energy demand
(Fig. 1, Fig. 2, Fig. 3) and number of cars (Fig. 4), leads to
energy and political crisis related to the rapid depletion of
crude oil. Studies indicate that the known reservoirs of the
primary energy sources will sufficiently meet the world-
wide demand for another 39 years for oil, 61 years for natu-
ral gas and 216 years for coal [10, 16].

Fig. 1. Primary energy demand [3]

Fig. 2. Growth of fuels used in transport sector [3]: * — Aviation, Marine
and Rail, ** — Includes 2- and 3-wheelers

Fig. 3. Liquid fuels demand [3]. Cars include 2- and 3-wheelers, trucks
include most SUVs in North America, non-road includes aviation, marine
and rail

As presented on the Figure 3 the transport sector con-
tinues to dominate global oil demand.

Fig. 4. The number of vehicles per 1000 inhabitants in individual regions
in the world [14]

Transportation sector (i.e., cars, trucks, trains, ships,
planes and other vehicles) is one of the main air pollution
sources. According to different sources, road transport
accounts from 23.5% [4] to 28% [9, 26] of all toxic emis-
sions in the world. Air pollution carries significant risks for
human health and the environment. The most harmful sub-
stances are nitrogen oxides (NOy), sulfur oxides (SOy),
carbon dioxide (CO,), hydrocarbons (HC) and particulate
matter (PM).

Stringent toxic emission regulations that are concerning
on the reduction of the harmful compounds in exhaust gas-
es, greenhouse gases as well as the reduction of fuel con-
sumption are currently one of the most important factors
affecting on the development directions of the:
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1. Internal combustion engines.
2. Exhaust after-treatment systems.

One of the most perspective methods that allows to
solving the environmental pollution issues and the depletion
of crude oil reserves, is the use of clean alternative fuels.
Whatever fuel is to replace petroleum, it must address the
following criteria:

1. There must be enough feedstock materials for the pro-
duction on a large industrial scale.

2. Relatively low production and transportation costs.

3. Ensure high energy efficiency for the internal combus-
tion engine.

4. Minimal or no negative impact of combustion products
and pure fuel on the environment and human health.

5. If possible, use the already existing infrastructure with-
out major changes of the:

— ICE fuel system,

— distribution and transportation of fuels to refill stations.

There are many alternative fuels that can potentially re-
place conventional petroleum oils including diesel and
gasoline, such as biodiesel, light alcohol fuels, biomethane,
natural gas, gas-to-liquid (GTL), coal-to-liquid (CTL),
biomass-to-liquid (BTL), dimethyl ether (typically abbrevi-
ated as DME). Among these fuels the most promising alter-
native fuel for diesel engines that is suitable for all re-
quirements is DME. The high cetane number over 55 (for
diesel usually does not exceed 55), low boiling temperature,
relatively low self-ignition temperature and good ecological
properties turns out dimethyl ether to be a promising clean
alternative fuel that can potentially replace diesel fuel.

The main objective of this paper is to discuss the com-
bustion and emissions characteristics, and environmental
effects of DME-fueled vehicles in order to highlight the
potential of DME as a fuel in the compression ignition
diesel engines and to share this useful information with
researchers, engineers and anyone who interested in alter-
native fuels for diesel engines.

2. Dimethyl ether

DME (dimethyl ether) — it is the simplest ether compound
with a formula of CH;—O—CHj, with some important proper-
ties such, as high cetane number, high oxygen content (about
35% of mass), no direct C—C bonds in the molecular struc-
ture (which produces considerably less pollutants like smoke
and particulate matter (PM) than conventional fuels), low
boiling point, low carbon to hydrogen ratio (C/H), has good
solubility with diesel, environmentally benign and causes no
negative health effects. To detect a leakage, DME does not
require an odorant because it has a sweet ether-like odor.
Under standard atmospheric conditions DME is a colorless
gas, but it can easily condense to the liquid phase under the
pressure at 0.5 MPa at 25°C. Liquefied DME has similar
properties to those of liquefied petroleum gases (LPG). DME
burns with a visible blue flame. The explosion characteristics
presented in Table 1.

A tropospheric lifetime of dimethyl ether is 5.1 days
[23, 25] therefore, DME does not affect on ozone depletion.
The DME global warming potentials is 1.2 (20-year), 0.3
(100-year), and 0.1 (500-year). Based on the analysis and
comparison presented in Table 2, it could be concluded that
dimethyl ether is environmentally benign.

Thanks to its properties (Table 3) and large variety of
raw materials (presented below), DME considered as
a promising renewable energy source which can potentially
replace conventional diesel fuel. These advantages led the
researchers [1, 5, 13, 23-25, 27, 28] and many others, to
provide investigations on the analysis of the conventional
diesel engines fueled with pure DME or blended with diesel
fuel.

Table 1. Explosion and hazard characteristics [23]

Parameters DME Diesel Propane Butane
Self-ignition tempera- 508 523 743 638
ture [K]

Lower explosion limit 3.0-3.4 0.6 2.1 1.9
[vol.%]
The upper limit of the 17-18.6 6.5-7.5 9.4 8.4
explosion [vol.%)]
Minimal ignition 0.29 - 0.26 0.305
energy [mJ]
Table 2. Global warming potentials [23, 25]
Chemical compounds Time horizon (years)

20 100 500
DME (CH;0CHj3) 1.2 0.3 0.1
Carbon dioxide (CO,) 1 1 1
Methane (CH,) 56 21 6.5
Nitrous oxide (N,O) 280 310 170

2.1. DME production
Traditionally, DME is produced as a result of the con-
version of various raw materials, such as natural gas, coal,
biomass, plastics waste, municipal waste in two distinct
ways (Fig. 5) [1, 2, 18, 21, 22]:
1. Indirect route by the dehydrogenation reaction of meth-
anol (Fig. 6).
2. Direct route, in which DME is produced in a single
stage by using a bi-functional catalyst directly from syn-
thesis gas (Fig. 7).

Fig. 5. DME production diagram [2]

2.1.1. Indirect synthesis
In this method DME is produced from syngas in a two-
step process (Fig. 6):
— methanol produced from syngas,
— purification and dehydration of methanol.

Fig. 6. A scheme of indirect synthesis process [2]
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2.1.2. Direct synthesis

Also, known as a single stage method, in which DME is
produced directly from syngas (mixture of hydrogen and
carbon monoxide (CO + H,)) in a single reactor. The sche-
matic of this process is shown in Fig. 7.

Single stage process is highly exothermic and, therefore,
the temperature of the process should be controlled proper-
ly in order to avoid run-away [2].

Fig. 7. A scheme of direct synthesis process [2]

2.2. DME infrastructure

The analysis and comparison of the vapor pressure dia-
gram (Fig. 8), shows that the vapor pressure curve for DME
falls between butane and propane curves. This means that,
the storage, fuel handling, and transportation requirements
are similar to those used for LPG and can be used for DME.

Fig. 8. The vapor pressure characteristics of different fuels [14, 23]

Since there are numerous LPG refilling stations, transi-
tioning to dimethyl ether could be less costly than building
a completely new infrastructure, of course the additional
refueling stations would be built as the demand for dime-
thyl ether increases. Dimethyl ether can be offloaded and
stored at the refilling station using the same methods and
equipment as those used for LPG (Fig. 9). However, due to
the different DME properties, LGP infrastructure must be
redesigned (discussed in the following chapters).

Fig. 9. DME distribution system to the refilling stations [12]

2.3. Advantages and disadvantages
The reasonableness of the DME use in the compression

ignition engines can be determined by the detailed examin-

ing its advantages and disadvantages.

Advantages:

1. Due to a high cetane number DME has excellent igni-
tion ability and short ignition delay.

2. Low boiling point leads to almost instantaneous evapo-
ration of liquid DME after injection into the engine cyl-
inder.

3. DME can be blended with various fuels such as, diesel,
biodiesel, LPG and other.

4. Low carbon to hydrogen ratio than diesel fuel (C/H)
results in a lesser amount of CO, and greater amount of
H,O generated following full combustion, which is the
effect of the combustion of hydrogen [14].

5. High oxygen content together with the absence of any
direct carbon-to-carbon (C-C) bonds leads to almost
smoke-free combustion, and producing considerably
less particulate matter (PM) than conventional diesel
fuel.

6. Combustion noise from compression ignition engines is
significantly lower when DME is used instead of diesel
fuel, due to a slower pressure rise during the premixed
burning stage.

7. DME can be applied to the compression ignition engine
with minor modifications in the fuel supply system (dis-
cussed in the below sections of this paper).

8. Major benefit from this fuel is the big reduction of ni-
trogen oxides (NOy), carbon monoxide (CO), hydrocar-
bon (HC) and particulate matter (PM) emissions, subject
to the properly designed injection and combustion stra-
tegies [12, 13, 23].

According to the authors [1, 5, 13, 23-25, 27] and oth-
ers, the most challenging aspects of the DME use in the
diesel engines are related to its physical properties and not
to its combustion characteristics.

Disadvantages:

1. Because of the low boiling point DME is a gas in the
standard atmospheric conditions, therefore it must be
pressurized in a fuel system, stored in a pressurized
tank, and handled in a liquid form under appropriate
pressure.

2. Lower heating value requires a larger injected volume,
longer injection period and advanced injection timing in
order to deliver the same amount of energy to that pro-
vided by diesel fuel. To solve this problem, can be used
injectors with a larger nozzle diameter. Moreover, to
balance the energy content, the DME fuel tank must be
correspondingly larger, which increase vehicle total
weight.

3. Low viscosity causes leakage problems within the fuel
supply system. To prevent this, issue it is necessary to
appropriate sealing the elements in the fuel-injection
systems.

4. Low lubricity leads to the surface wear problems of
moving parts within the fuel-injection system. Accord-
ing to the authors [12, 23, 24] the lubricity can be en-
hanced by addition of 500-2000 ppm of a lubricity ad-
ditive such as, Lubrizol (1000 ppm), Hitec 560 (100
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ppm) and Infineum R655 (500 ppm). From the other
hand, this issue can be solved by the adaptation of the
materials of the bearing surfaces and plunger/barrel in-
terfaces to the low lubricity of DME, however, this so-
lution technically is very complex and expensive.

Dimethyl ether non-corrosive, but is an excellent sol-
vent which can dissolve a number of elastomers most
commonly used in the diesel engines and other plastic
components [1]. To prevent seals quality deterioration

after prolonged exposure of DME, it is necessary to
carefully select appropriate sealing materials (such as
polytetrafluoroethylene (PTFE)).

The high vapor pressure of DME means that cavitation
can take place, which in turn impedes stable fuel-
injection operation. To avoid cavitation the fuel supply
pressure (the feed pressure from the storage tank to the
fuel pump) must be between 1.2-3 MPa [1, 12].

Table 3. Properties of alternative fuels compared to diesel fuel [10, 11, 13,20, 23-25]

Parametr Diesel Fuel DME Butane | Propane | Methanol | Ethanol | Biomethane | Biodiesel GTL
FAME
Chemical formula C.H>, or CHsnso CH30CH3 C4Hip CH;0OH C,HsOH CH,4 - -
(n=13~17)

Molecular weight 170 46.07 58.13 32.042 46.07 16.04 296 259.6
[g/mol]
Liquid density at 20°C 800-840 668 610 791.3 789.4 0.72 9193 784.6
[kg/m’]
Liquid viscosity at 25°C 2-4 0.12-0.15 0.2 0.543 1.1 1.12 38 3.497
[cSt]
Vapor pressure at 25°C - 5.1 8.4 - - 200-250 - -
[bar]
Boiling temperature 125-400 -249 -0.5 -42.1 65 79 -162 280-350 72
[°C]
Self-ignition temperature 254 235 365 385 363 470 261 254
[°C]
Cetane number 40-55 55-60 10 2 11 0 54-56 79
Lower heating value 36 28.43 45.74 46.36 20.08 26.83 444 34 43.65
[MJ/kg]
Stoichiometric A/F [kg/kg] 14.6 9.0 14.8 6.47 9.0 10.42 12.5 14.97
Latent heat of evaporation 250 410 390 1162.64 918.42 511 254 -
[kJ/kg]
Content of carbon, oxygen 86/0/14 52.2/34.8/13 | 82.8/0/ | 75/0/25 |37.5/50/12.5| 52.2/ 74/0/26 77/10.32/ 85/0/15
and hydrogen 17.2 34.73/ 12.18
[% by mass] 13.07
Sulfur content [250 0 0,01 0 0 0 0.01 max <0.05
[ppm]

2.4. Application of dimethyl ether in diesel engine

There are three main application modes of DME fuel in

compression ignition engines:

1.

Dual fuel combustion mode (fuel mixture ignited by the
pilot diesel):

DME injected into the inlet manifold. In this operation
mode DME in gaseous form inducted into the intake air
of the inlet manifold to form homogeneous mixtures and
then ignited by the direct injected diesel in the cylinder.
This mode is inexpensive and requires only minor modi-
fications by adding a separate fuel tank, fuel lines and
fuel injector. This method is roughly the same as LPG,
demands the same kind of handling and storage consid-
erations as for LPG. The schematic diagram of this
mode is shown in Fig. 10.

DME injected inside the cylinder in a liquid form. In
this mode each fuel required a separate fuel supply sys-

tem as presented in Fig. 11 or they can be injected via
one injector.

Fig. 10. Scheme of the ICE CI powered by gaseous DME
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Fig. 11. Fuel system with two injectors

In dual fuel mode when alternative fuel runs out, then
electronic control unit automatically switch engine to a
reserve tank of diesel fuel.

2. Blended mode:

— One of the major benefits of DME is solubility with
various fuels. In this point of view, according to the au-
thors [10, 23] for example the blending of DME with
propane improves the lower heating value of DME, the
use of DME/biodiesel blend as engine fuel does not re-
quire any lubrication additive due to the high lubricity
and viscosity of biodiesel. Fuel blended mode is a good
inexpensive solution which does not require any modi-
fications in the fuel supply system. Moreover, compared

to the conventional diesel fuel, it is found that the
blended fuel reduces toxic emissions in the exhaust gas-
es [5, 10, 23].

3. Single fuel mode:

— Due to, the high cetane number and great self-ignition
abilities. DME can completely replace diesel fuel.
Technically this solution is very complex and expen-
sive, and requires major modifications in the fuel supply
system.

2.5. Combustion and emissions characteristics

The evaluation on the combustion and emissions char-
acteristics, include the calculated heat release rate and the
cylinder pressure.

The authors [27] studied the operating parameters and
emissions characteristics of diesel engine fueled with
DME/Diesel blends (DM10 — 10% DME and 90% diesel,
DM15 - 15% DME, DM20 — 20% DME). Fuel properties
and the constitutions of three oxygenated blends are given
in Table 4. According to authors [27] they used a commer-
cial four-cylinder, water-cooled, naturally aspirated diesel
engine 4113, made by Wu Xi diesel factory. No more mod-
ifications are made on the engine except the fuel pipe and
fuel tank. The fuel pipe is changed into the copper one due
to the causticity of DME to original rubber pipe. The diesel
fuel tank is changed to LPG vessel to prevent DME from
evaporating [27].

Table 4. Physical and chemical property of DME, diesel and DME/diesel blend [27]

Properties DME Diesel DM10 DM15 DM20
Liquid density, [g/cm’] 0.668 0.84 0.823 0.814 0.803
Low calorific value, [MJ/kg] 28.43 42.5 41.1 40.4 39.7
Cetane number 55-60 40-55 > 40 cetane number <60
Stoichiometric A/F, [kg/kg] 9.0 14.6 14.04 13.76 13.48
Latent heat of evaporation, [kJ/kg] 410 250 - - -
wt.% of carbon 522 86 822 80.93 79.24
wt.% of oxygen 34.8 0 3.48 5.22 6.96
wt.% of hydrogen 13 14 13.9 13.85 13.8

Figure 12 gives the comparison information of the pow-
er output of the engine fueled with four kinds of fuels at
speed characteristics with a full load. It can be seen that the
more DME percentage in blend is, the lower the power
output is. The reasons are [27]:

Fig. 12. The comparison of power outputs among various fuels [27]

1. The lower calorific value of blends compared to con-
ventional diesel.

2. The smaller amount of fuel delivery resulted from lower
density for blend fuels.

Increasing the amount of fuel delivered per cycle, can
improved a power output parameters.

The heat release rate of various fuels is demonstrated in
Fig. 13. It can be seen that the amount of heat release of
diesel/DME blend fuels during the premixed combustion
stage is smaller than that of diesel fuel. The smaller amount
of heat release during the premixed combustion stage re-
duces the combustion pressure and temperature and leads to
low NO, emission [27].

Figure 14 and Figure 15 show comparative values of
various toxic compounds in the exhaust gasses. It can be
seen that the use of DME/diesel blend as engine fuel can
reduce smoke emissions significantly, especially at higher
loads, in the same way NO, emissions are reduced some-
what in comparison with conventional diesel. The emis-
sions of HC and CO are higher than those in diesel fuel.
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Authors [27] pointed to a need of the injection strategy
optimization to reduce HC and CO emissions. Similar to
authors [27], numerous studies [5, 10, 13, 23, 24] shows
that NOy, PM and smoke emissions are slightly lower than
those of the diesel fuel operation, however, HC and CO
emissions rise. According to the author’s [10, 23], the HC
and CO emissions could be reduced with an earlier injec-
tion period, which would promote the oxidation reaction of
the HC and CO emissions. According the authors [13, 23,
24] NOy emissions reduces due to the larger temperature
drop of the mixture due to heat absorption during DME
vaporization causes by higher latent heat value of DME.

Fig. 13. The comparison of the heat release among various fuels [27]

On the other hand, numerous studies [15, 17, 28], re-
ported that NOy emissions are higher from DME combus-
tion than diesel combustion, due to rapid ignition and a high
combustion temperature.

However, high NO, emission from DME combustion
can be easily reduced to a similar or lower level than that
produced by diesel combustion by using a various methods
such as exhaust gas recirculation (EGR) and optimization
of the injection strategy, what is confirmed by many au-
thors [10, 13, 23, 24].

Different results in the studies shows that, the emission
characteristics of DME-fueled engines depends significant-
ly on the engine specifications, fuel supply system, engine
operating conditions including injection strategy (single or
multiple injections, low or high injection pressure etc.).

Proper adaptation and optimization of the engine operat-
ing conditions including the injection strategy and operation
algorithms of the diesel engine electronic control unit can
helps to reach a state of clean emissions with current com-
bustion technology (Fig. 16 and Fig. 17).

Fig. 14. The comparison of CO emissions [27]

a) The comparison of HC emissions

b) The comparison of NOy emissions

¢) The comparison of smoke emission

Fig. 15. The comparison of harmful emissions among various fuels [27]

Fig. 16. The comparison of harmful emissions using diesel and neat DME [25]
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Fig. 17. The comparison of harmful emissions among the DME and diesel
fuel [12]

3. Cost of different fuel types

One of the key features that determining the alternative
fuels perspectives is price competition with conventional
petroleum-based fuels. Simple and easily comparable in-
formation on the prices of different fuels could play an
important role (Table 5) in enabling vehicle users to better
evaluate the relative cost of different fuels available on the
market [19], and as result in the consideration of alternative
fuel as a substitute for petroleum fuels.

Table 5. Comparison of fuel prices [19]

Type of fuel Energy content Fuel price Fuel price per 10

M/ | kWi [kWh]
Petrol 32 8.88 1.536 (€/1) 1.730
Diesel 36 10 1.398 (€/1) 1.398
Natural gas 444 12.3 1.103 (€/kg) 0.897
Biomethane 444 12.3 1.103 (€/kg) 0.897
LPG 24 6.6 0.693 (€/1) 1.050
DME 28.43 79 0.624 (€/1) 0.786
Biodiesel/B7 33 9.16 1.398 (€/1) 1.526

Each fuel has different calorific value so it is important
to compare fuels with their energy content as kilowatt hour
(kWh) [19]. In this way, the differences between fuels in

terms of energy content would be directly visible without
the “detour” of a reference fuel [19]. A scaling in 10 kWh
would be more familiar to the consumer as 10 kWh is
equivalent to the energy content of a liter of diesel [19].

Currently it is quite difficult to determine the consumer
cost of DME, and it is mainly depending on the raw materi-
al cost and production method. According to International
DME Association, the DME consumer cost estimated at
75%-90% of LPG price.

4. Conclusions

Numerous investigations of DME-fueled engines have
indicated that the DME offers excellent promise as an alter-
native fuel for compression ignition diesel engines that can
address the pragmatic realization on depleting petroleum
reserves and growing concerns on environmental pollution.

The prominent advantages of dimethyl ether as a fuel
and energy carrier are high cetane number, superior atomi-
zation performance, high oxygen content, no direct C—C
bonds, low boiling point, low carbon to hydrogen ratio
(C/H) and etc. Moreover, from the environmental benefits
point of view, DME is better than diesel fuel, which has
been also confirmed by numerous investigations. From
technical point of view the DME fuel handling and storage
system could be very similar to LPG systems very well-
known from automotive industry. In additional, DME may
be produced from the renewable materials such as biomass
or waste.

Overall, DME has been found to be a very promising al-
ternative fuel for compression ignition engines that can
potentially replace diesel fuel.

The further research by the authors of this paper, are the
investigations of the DME fuel combustion in the
Volkswagen AJM 1.9 TDI engine in dual fuel mode.
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Research on the effect of diesel fuel injection parameters on the exhaust emissions
in the turbocharged CI engine operating on propane

The article presents results of the studies on the charged, dual-fuel CI compression ignition engine fuelled with propane. The main
goal of the studies was to fuel the engine so that the amount of energy provided with propane is possibly highest at the high efficiency,
low emission of harmful exhaust constituents and proper combustion. As the studies conducted so far have shown, with the increase of
energy from propane we observe crucial changes in the combustion process. As these changes may be a barrier in the further increase of
energy, we decided to change the injection parameters of the diesel fuel. The changes introduced allowed for the 70% energetic contri-
bution of gas fuel at the subsequent elimination of unfavourable phenomena. The fuel injection was realized divided into two doses. Both
proportions and angle at the beginning of the injection for both doses were variable. The angle at the beginning of injection for the first
dose was changed in a wide range and depended on the value of charging pressure. The angle at the beginning of injection for the sec-
ond dose was changed in a much narrower range, mainly due to very clear changes in the nature of combustion process. The studies
have been conducted for three values of charging pressure, namely 200; 400 and 600 [mbar], and also for the naturally aspirated ver-
sion. Study results have been presented in a form of regulation characteristics for the angle of the beginning of injection of the pilot dose
for the chosen charging variants, as well as volume and angle of the beginning of injection for the main dose. The obtained results show
that the content of exhaust constituents for the dual-fuel CI engine depends highly on assumed regulations of injection parameters of the
fuel dose initiating the ignition, as well as engine charging pressure.

Key words: combustion engines, dual fuel, propane, alternative fuels, air pollution

1. Introduction

As numerous publications both domestic and foreign
show, the idea of dual-fuel CI engine fuelling is attractive
and keeps being developed [3]. This type of fuelling is
considered to improve emitted exhaust constituents and to
limit exploitation costs of engines fuelled in this way. This
is the main concern of this article. What makes this fuelling
type so attractive is the possibility of using cheaper fuels,
available in the market. These may be both renewable fuels
and those coming from crude oil refining, for instance mix-
ture of propane and butane (LPG).

This fuel is in the field of interest of the companies
adapting the CI engine due to their lower price as well as
the problem of its distribution, which has already been
solved [1, 2]. Undoubtedly, the desirable feature of dual-
fuel supply is replacing a standard fuel oil with its cheaper
substitute to the possibly highest extent and, what is more,
using possibly easiest and cheapest methods of providing
additional fuel without interference with the engine con-
struction. Though, meeting the condition of maximising the
contribution of additional fuel is not easy as there are limi-
tations resulting mainly from the significant changes in the
course of combustion process. These changes are the effect
of supplying additional fuel along with the air in the cylin-
der filling cycle. Compressed gas is the mixture of fuel and
air. The basic parameters of combustion process, and the
same, exhaust constituents of the engine fuelled in this way
highly depend on the content of this mixture. Fuel supply is
most often realized with the use of mixer or injector, as it is
the case in the installations supplying spark-ignition en-
gines used already for years. It is though worth to mention
that since these methods work for naturally aspirated spark-
ignition engines, they do not work so for charged diesel
engines with valve coverage, as they considerably contrib-
ute to the escape of a part of the load what causes higher

emission of hydrocarbons and hinders the efficiency of
engine fuelled in this way. As the previous studies have
shown [6] it is possible to supply additional fuel in such
a way that we possibly limit the phenomenon of escaping of
a part of the load. This method has also been applied during
the studies, the results of which have been presented in this
article. For the purpose of the study we used propane main-
ly due to the fact that we wanted to avoid mistakes stem-
ming from the lack of knowledge in the content of LPG fuel
version.

The main goal of the studies was to obtain comparable
parameters characterizing work of a dual-fuel engine with
the corresponding parameters of a standard engine with
possibly high contribution of propane so that the biggest
proportion of energy is supplied along with this fuel. Tak-
ing into account the fact that as a result of introducing of
dual-fuel supply the course of combustion changes consid-
erably we needed to shape this process so that the main goal
is achieved. In order to achieve this goal we used the possi-
bilities of modern supply system of common rail type. As
these and further studies have shown, the way of releasing
energy from propane greatly depends on the strategy of
parameters selection for diesel fuel injection. It is crucial if
an ignition-initiating dose is injected once or it is divided
into pilot and main dose. The volume of the dose or doses
initiating the ignition, as well as the angle of the beginning
of injection are also significant. While introducing some
changes in the abovementioned parameters of diesel fuel
injection it is possible to flexibly shape the combustion
process what allows for obtaining similar parameters of
combustion process to those which characterize the work of
engine fuelled in a standard way.

Being aware of the fact that a variable regulation of die-
sel fuel dose injection parameters corresponds to the change
in exhaust constituents, the basic emitted constituents have
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been registered during the study. The registration of exhaust
composition and pressure inside the cylinder allowed for
the analysis of the influence of diesel fuel injection parame-
ters on the combustion process in the engine fuelled in this
way.
2. Research object and measuring equipment used
The studies have been conducted on the test bed of the
company AVL, equipped with one-cylinder CI engine AVL
5402 adapted to dual-fuel supply. Propane in the gaseous
phase has been supplied with the use of injector mounted in
the intake manifold of the engine. Both injector mounting
place and gas injection parameters have been selected so to
limit the possibility of load escape in the moment of valve
coverage. These parameters have been approved and de-
termined on the basis of previously conducted studies [6].
General layout of the engine with dual-fuel supply has
been presented in Fig. 1.

Fig. 1. General layout of dual-fuel system of CI engine supply: 1) dual-fuel

engine, 2) diesel fuel tank, 3) electric fuel pump, 4) fuel filter, 5) high-

pressure fuel pump, 6) hopper, 7) fuel pressure sensor, 8) diesel fuel

injector, 9) controller of common rail supply system, 10) crank shaft

location and speed sensor, 11) gas container, 12) pressure regulator, 13)

gas injector, 14) controller of gas supply system; 15) engine charging
control system

Moreover, the test bed was equipped with the following

measurement systems:

— eddy current brake AVL,

— indicating software (IndiCom),

— charging system (AVL boost — electrically powered

COmpressor),

— exhaust analysis system (SESAM I 60),
— system of mass measurement of particle concentration

(Micro Soot Sensor),

— system of mass measurement of flow rate of diesel oil
used by the engine with temperature conditioning,

— system of mass measurement of flow rate of propane
used by the engine (mini CORI-FLOW).

Fuel samples used for the studies came from one batch
what aimed to avoid possible discrepancies concerning
physical and chemical properties affecting the results of the
studies.

An overall scheme of the test bed is presented in Fig. 2.

Fig. 2. AVL test bed: (a) general view of the test bed, (b) view of the
control room

3. Research programme — assumptions and scope
It was decided to carry out the investigation in the fol-

lowing conditions:

— engine speed n = 2400 rpm,

— three values of diesel fuel pilot dose have been selected:
QI (2; 2.25; 2.5 mg),

— a wide range of variability in the injection advance of
the diesel fuel pilot dose ol has been chosen (14°-30°
C.A. before TDC),

— three different values of the angle of the beginning of
injection for diesel fuel main dose o II have been cho-
sen (5°, 6°, 7°C.A. before TDC),

— three values of charging pressure p have been adopted
(600; 400 and 200 mbar) and uncharged version has
been studied, (maximum adopted value of the charging
pressure resulted from acceptable maximum combustion
pressure, other values have been arbitrarily chosen),

— constant power contribution of propane at the level of
70% of energy supplied to the engine has been adopted,

— constant value of energy dose for diesel fuel at the level
of 30% of energy supplied to the engine has been adopt-
ed (which means that the change of pilot dose does not
affect the energy supplied with the diesel fuel),

— constant value of air-fuel ratio for all measuring points
A = 1.3 has been adopted.

During realization of each measuring point the concen-
tration of the basic exhaust constituents have been regis-
tered: nitrogen oxides NO,, non-methane hydrocarbons
NMHC, propane C;Hg, and mass concentration of particu-
late matter PM.

4. Study results

4.1. Variability characteristics of nitrogen oxides’
content for different injection parameters of diesel
fuel dose initiating ignition

Limiting the emission of this exhaust constituent is still

a challenge for diesel engine constructors. Due to its toxic

properties it is necessary to look for solutions limiting its

concentration. Research results presented below clearly
indicate that there is a relation between the concentration of
this constituent in the exhaust and adjustment of injection
parameters of diesel fuel in the dual-fuel engine.

The results presented above allow to formulate the fol-
lowing conclusions:

— a growth of diesel fuel pilot dose QI is accompanied by

the increase in NO, concentration,

— adjustment of injection advance of QI dose contributes to
maximum dozen or so changes in NOy concentration for
a charged engine and over thirty percent changes for an
uncharged engine, delaying of injection advance of QII,
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Fig. 3. Characteristics of variability of nitrogen oxides’ (NOy) content in
exhaust for different injection parameters of diesel fuel dose initiating
ignition

— dose contributes to NO, reduction for both versions of the
engine. In order to justify the first formulated conclusion,
one should refer to pressure registered in the cylinder du-

ring the time of the study. There is a close relationship
between the combustion pressure and the NO, content
inthe exhaust [5, 7, 8]. The highest dose of QI results in
the highest combustion pressure and thus the highest
temperature in the cylinder. A very small difference in
the amount of fuel delivered in the QI dose of only 0.5
mg causes a clear difference in NOy concentration of
about 200 ppm. The dual-fuel supply causes that this ef-
fect is more pronounced than in case of standard supply.
It is connected with the course of energy release of both
fuels. This means that the energy released by the dose Q1
is the sum of the diesel energy of this dose and the energy
of the part of propane covered by its range. Thus, a slight
increase in the pilot dose rate will translate into the re-
lease of more heat before the TDC, and this in turn into
the previous combustion of the rest of the charge, the
energy of which will be released by the QII dose.

The change in the NOy concentration due to the change
in the injection advance angle of the QI dose also depends
on the energy release type of both fuels and more precisely
on the location of this process. In almost all considered
cases, there is such a position of the angle of the beginning
of injection of the QI dose at which the maximum concen-
tration of this component is visible and falls on 20°, 22°
C.A. before TDC. Changing this value both towards the
previous and later values results in a decrease in the con-
centration of this component. Earlier advance injection
angle for QI makes the dose go to the element of lower
concentration and temperature. This leads to extend the
delay of self-ignition and consequently to limit the intensity
of heat generation. Further increasing the angle of the be-
ginning of injection for QI dose will contribute to the situa-
tion at which the dose will not initiate the combustion pro-
cess. So the combustion process will start after the main
dose injection what will cause a considerable delay in the
whole process, and the peak value of pressure and tempera-
ture will appear much later than in case when pilot dose
initiates the combustion process. Such a phenomenon will
contribute to lowering the concentration of NOj, yet one
needs to remember that such a change will entail the de-
crease of thermal efficiency of the engine. On the other
hand, delaying the angle of the beginning of injection for
QI dose up to some time also results in decreasing the con-
centration of NO,. This mechanism is slightly different than
the one described earlier. Although, injection of QI dose is
realised closer to TDC and the dose takes up the combus-
tion process, the time between the injection of pilot dose
and the main dose becomes shorter.

If the time difference between the ignition initiated by the
QI dose and the injection of QII dose is shortened (as a result
of delaying the injection of QI dose),what effects in decreas-
ing of maximum pressure in the combustion process, then the
mechanism of this phenomenon is much dependent on the
influence of the former. At the longer time difference which
resulted in obtaining maximum combustion pressure when
the pilot dose was injected about 20°, 22° before TDC, the
time for expansion of heat generated by QI dose is longer and
the same the area influenced by this dose will be bigger. So
the injection of QII dose realized to the bigger area of higher
temperature due to QI dose combustion will cause the inten-
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sity increase of evaporation of the fuel supplied in QII dose,
shortening of self-ignition time, and consequently earlier and
more intense heat generation. Moreover, at a longer time
difference it is possible to mix the products of QI dose com-
bustion with the mixture of propane and the air what may
also have a positive impact on fuel oxidation supplied in QII
dose. So shortening the time difference between the ignition
caused by QI dose and QII dose injection one may conclude
that the described mechanism is not so effective. The ob-
served phenomenon created the basis for determining the
best value of the angle of the beginning of injection of the
pilot dose both considering NOy emission, thermal and ge-
neral efficiency of the studied engine.

The third formulated conclusion (does not require
a thorough analysis) is a result of a simple relation between
maximum combustion pressure and the angle of the begin-
ning of injection of the main dose. The change in the angle
of the beginning of injection for QII dose causes clear
changes in the combustion course which are reflected in
form of composition changes of NO,. It is worthwhile that
the combustion pressure depends on the charging pressure
so the highest composition of NOy should be observed for
the engine charged with the highest pressure. However, this
relation is different. There are few factors that may be re-
sponsible for such a relation. One of them is blowing out
the cylinder. At the moment of valve overlap the cylinder is
blown out with air from the intake system. The intensity of
this phenomenon at the constant rotational speed and en-
gine load, as well as constant value of angle of valve over-
lap depends on the value of charging pressure. It means that
the higher charging pressure increases the intensity of
blowing out the cylinder what translates into decreasing the
temperature of combustion chamber thus improving the
filling of the cylinder. As a result, the lower load tempera-
ture (substrates) may effect in the lower concentration of
NOy in the exhaust.

Another factor responsible for the lower concentration
of NOy for the charged engine may be slight differences in
the air-fuel ratio for the different versions of charging. Both
calculated and measured value of this ratio may slightly
differ from the reality. The measured mass of air supplied
to the engine is not the mass which takes part in the com-
bustion process. The air supplied to the engine includes
a part of the air closed in the cylinder and a part goes to the
outlet system during valve coverage. Applying this pro-
posal one can assume that with the increase of charging
pressure the real air-fuel ratio will decrease. On the basis of
these assumptions we need to add that the higher the inten-
sity of blowing out the cylinder, the higher the degree of
exhaust dilution with the air taking part in the blowing out
process. As a consequence, registered volume concentration
of the particular exhaust constituents will be lower.

4.2. Variability characteristics of particulate matter
content for different injection parameters
of the diesel fuel dose initiating the ignition
Dual-fuel engine supply may considerably influence
limiting the emission of particulate matter (PM) in compar-
ison to the emission obtained for the engine supplied in
a standard way what is an unquestionable advantage of the
engine supplied like this [1, 8]. The concentration of this
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Fig. 4. Characteristics of variability of particulate matter (PM) content in
exhaust for different injection parameters of diesel fuel dose initiating
ignition

constituent depends above all on the type of additional fuel, as
well as the contribution of this fuel in the combustion process.
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The best results are obtained by supplying the engine with
gaseous fuels with a small number of carbon atoms (methane,
propane, butane), with the lowest possible contribution of the
ignition initiating diesel fuel dose. This means that the main
fuel responsible for the emission of particulate matter is stand-
ard fuel, the full elimination of which is not possible.

The results presented above allow to formulate the fol-
lowing conclusions:
a) with the increase of QI diesel fuel pilot dose value the
concentration of PM also increases,
with the increase of charging pressure the concentration
of PM also increases (it reaches the smallest value in
case of uncharged engine),
adjustment of injection advance angle of the QI dose
causes the changes in PM concentration; the more de-
layed the injection angle of the QII, the greater the
changes of PM concentration,
for the charged engine the delay of angle of the begin-
ning of injection for QII dose is accompanied by the in-
crease in PM concentration.
The nature of particulate matter emission for particular
values of the angle of the beginning of injection for the QI
dose is similar to the one discussed above regarding NO,
emission. The maximum concentration of particulate matter
corresponds to the angle of the beginning of injection for the
QI dose in the range 18°-22°C.A. before TDC, it is also the
highest for the biggest dose of QI. The most favourable
mechanism for the formation of NO, and PM runs under the
same conditions. Due to the 70% contribution of energy
supplied with propane, one would expect a considerable
reduction in the level of this constituent in relation to the
level recorded for the diesel fuel itself. Though, for the cases
with the highest charging pressure and the late angle of the
beginning of injection for QII dose, i.e. 5°, 6° before TDC,
the PM emission level is higher than during the standard
supply. This is a consequence of the injection of the main
dose into the area devoted to QI dose. This area is character-
ized by a higher temperature and significant depletion of
oxygen. Thus, the main portion of diesel fuel given in the QII
dose, reaching such an environment partially underlies the
phenomenon of pyrolysis thus creating solid particles. This
means that in the dual-fuel engine the in feed of pilot dose
may bring about more negative consequences than during
standard supply. Unlike in case of NOx emission, due to the
delay of the angle of the beginning of injection for QII dose,
the concentration of PM increases. This phenomenon is
caused probably by the temperature drop being the result of
injection delay of the main dose. Both higher pressure and
temperature which accompany the earlier beginning of the
injection of the QII dose aids PM reduction.

b)

c)

d)

4.3. Characteristics of variability of non-methane
hydrocarbons (NMHC) and propane (C; Hg) for
different injection parameters of diesel fuel dose
initiating ignition

Crucial, from the perspective of parameters analysis, the
influence of diesel fuel injection parameters on exhaust
emission was the need for registration of the concentration
of two following exhaust constituents, i.e. non-methane
hydrocarbons coming mainly from the diesel fuel combus-
tion, and propane, which is the main energy source for the

studied engine. Figure below presents the characteristics of
content of non-methane hydrocarbons.
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Fig. 5. Characteristics of variability of non-methane hydrocarbons

(NMHC) content in the exhaust for different injection parameters of diesel
fuel dose initiating ignition
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The analysis of the characteristics presented in Fig. 5
leads to formulation of the following conclusions:

a) increase in the diesel fuel pilot dose value QI is accom-
panied by the decrease of NMHC concentration,

b) adjustment of injection advance angle of the QI dose
causes slight, about 10% changes in concentration
(NMHC), and the lowest concentrations occur for the
adjustment at which maximum value of combustion
pressure is reached,

¢) delay of injection advance angle for QII dose causes
slight increase of the concentration (NMHC).

The abovementioned observations allow to conclude
that the content of non-methane hydrocarbons decreases
with increasing pressure and, therefore, temperatures in the
combustion process. This is the effect of improving the
quality of diesel fuel dose combustion.

The injected dose of QI has better conditions for the
formation of a combustible mixture compared to the dose of
QII. This is mainly due to the easier access to oxygen. In-
jection of dose QII is carried out to an area in which the
oxygen content is lower due to the fact that the QI dose has
been burned out.

It should be pointed out that along with the increase in
the dose of QI, the dose of QII is proportionally reduced,
which has been a condition for maintaining a constant
amount of energy supplied with diesel fuel. This means that
from the point of view of NMHC hydrocarbons emission, it
is beneficial to increase the pilot dose at the expense of the
main dose. This is confirmed by previous studies [4, 5, 9].
Unfortunately, the increase in the pilot dose or the elimina-
tion of the division of the diesel dose causes a clear increase
in the maximum rate of pressure build-up, especially with
a significant proportion of propane, which makes the work
of such a powered engine impossible. Referring to the main
concept of a dual-fuelled engine that concerns the largest
possible contribution of additional fuel, it is essential that
the energy of this fuel is used as best as possible. One of the
ways to determine the quality of this energy use will be to
measure the propane concentration in the exhaust. The aim
of the studies was to shape the combustion process so that
the concentration of propane (the main fuel) in the exhaust
gas was as small as possible what has been mentioned in
the introduction. The test results presented below indicate
that the propane content in the engine exhaust gas is shaped
differently to the NMHC component discussed above,
while it resembles the NOy nitrogen oxide emission.

Since the dependence of propane emission on the diesel
fuel injection parameters is the same as in the case of nitro-
gen oxides, the formulated conclusions are similar:

a) the increase of the pilot dose value of diesel fuel for QI
is accompanied by the increase in C;Hg concentration,

b) adjustment of injection advance angle of the QI dose
causes almost 20% changes in concentration of C;Hjg for
the charged engine and slightly bigger changes for the
uncharged engine,

¢) delay of injection advance angle for QII dose causes
C;Hg reduction for both versions of the engine.
Analysing the above conclusions, and confronting them

with the results characteristic to the combustion process, one

can notice a clear correlation between the maximum combus-

tion pressure and the maximum propane concentration. Un-
der the same engine operating conditions (same diesel inject-
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Fig. 6. Characteristics of variability of propane (C; Hs) content in the
exhaust for different injection parameters of diesel fuel dose initiating
ignition
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tion parameters, and charging pressure) the maximum pro-
pane concentration and the maximum combustion pressure
are registered, while the decrease in the combustion pressure
is accompanied by a drop in propane concentration.

Since the increase in propane emission depends on the in-
crease in the QI dose volume which clearly initiates the com-
bustion process and determines the maximum combustion
pressure, it means that the QII injection is realized to the agent
with a higher pressure and temperature, which may be the
reason for reducing the range of the diesel fuel stream. Thus,
the mixture of propane and air away from the central part of
the combustion chamber in which the diesel dose is injected is
not ignited, which is the main reason for the increase in pro-
pane concentration in the exhaust. It should be emphasized that
the dose of QII and its range decrease with the increase of QI
dose which additionally intensifies this phenomenon. Howev-
er, increasing concentration of propane in the exhaust does not
translate into a decrease in thermal or general efficiency of the
engine. This means that the efficiency of the studied engine
depends more on the combustion process being shaped by the
diesel fuel injection parameters than the propane combustion
efficiency measured by the emission of this component. It
should also be emphasized that in part the emissions of this
component are caused by the escape effect of the load during
the valve overlap [6]. Despite the synchronization of the pro-
pane injector opening time with the time the cylinder is filled
with air, it is very difficult to completely avoid the escape of
the load. As shown in the previous studies, at the end of filling

the cylinder it is possible that the load regresses to the intake
manifold, which in turn takes part in blowing out the cylinder.

5. Conclusions

The possibilities of shaping the combustion process pro-
vided by the modern charging system of common rail type
contribute to elimination of many limitations resulting from
introducing CI charging, especially with the significant con-
tribution of the additional fuel. It is crucial that the choice of
diesel fuel injection parameters, namely division of the dose,
volume of both pilot and main dose as well as the angle of
the beginning of injection depended both on the share of the
main fuel, its properties and parameters of engine work,
namely: charging pressure, load and rotational speed. It is
connected to the need of performing number of regulation
characteristics of the engine fuelled this way which would
take the aforementioned parameters into account. It is neces-
sary though to determine the criterion for which the adjust-
ment of diesel fuel injection parameters will be realized. As
the results of the studies presented in this article have shown,
we will need a compromise, since the benefits resulting from
improving emission of exhaust composition thanks to the
adjustment of diesel oil injection parameters do not equal
efficiency improvement of the studied engine. In spite of
number of difficulties that introducing a dual-fuel CI engine
entails, there are objective benefits in favour of continuation
of the studies whose consequence will be more efficient,
cheaper in exploitation and environment-friendly engine.

Nomenclature

CI compression ignition
LPG liquified petrolum gas
DF  diesel fuel

TDC top dead center
QI  diesel oil pilot dose
QII  diesel oil main dose
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Effect of aging and interaction of cooling fluid with heat exchangers material
in long-lasting durability test

Efforts to improve engine cooling efficiency by usage of heat exchanger as well as research on cooling fluids composition and pro-
perties are well described. Studies on heat exchangers are focused mainly on their durability properties, while cooling fluids’ develop-
ment is lately concentrating on nanofluids. In this paper physicochemical properties changes of diluted glycol-based cooling fluid in
a long-term durability test of vehicle heat exchanger, were investigated. Following parameters were measured: density of coolant, pH
value, elements content in coolant, and reserve alkalinity. Above mentioned analyses were performed on samples collected both in the
beginning and periodically after every 500 hours of durability test which lasted for 3000 hours in total. The performed study leads to
conclusion that interaction of cooling fluid with material of heat exchanger and changes in glycol composition during long-lasting dura-

bility test allows to determine aging effect of applied glycol solution on heat exchanger wear.

Key words: glycol chemical-physical properties, cooling fluid, heat exchanger, corrosion resistance

1. Introduction

Heat transfer and efficient cooling of vehicle engine is
one of the key processes in proper engine work. Heat pro-
duced during engine work and fuel combustion needs to be
dissipated, and for that reason a heat exchanger is placed in
each vehicle.

The role of heat exchanger, which in automotive the
most often is a radiator, is to exchange efficiently heat be-
tween two or more fluids. This process leads to heat dissi-
pation, and then to engine cooling [1-3]. Typically radia-
tors are forced air-cooled with crossflow [4], with large
enough area for heat transfer.

Vehicle radiators, due to their exposure to high tem-
peratures and temperature changes, have to meet a number
of requirements, among them i.e. tightness, thermal effi-
ciency, mechanical durability, corrosion resistance etc. In
fact, resistance to thermal shocks is the basic durability
parameter of radiators [5, 6]. On the other hand, tempera-
ture changes and temperature gradient are the main factors
influencing radiator corrosion resistance [3]. For that
reason designing of efficient and durable radiator is
a complicated matter [1]. The materials used for radiators
are typically aluminum alloys, most often aluminum-man-
ganese alloys (Al-Mn) due to their high tensile strength
and good corrosion resistance, especially intergranular
corrosion resistance [7].

Nowadays, a lot of effort is put into thermal efficiency
improvement and fastening of the heat transfer [8-10].
From one point of view this can be achieved by maximizing
heat transfer area as heat transfer efficiency is a function of
heat exchange relative surface area and fluid temperature
[1, 2]. This can be done by using fins or microchannels [9],
where the coolant flow is divided into a number of separat-
ed tube flows [4]. On the other hand, maximizing heat
transfer area by i.e. increasing fins quantity, leads to unde-
sirable increase of vehicle weight influencing fuel combus-
tion efficiency [2]. This fact is in the opposite to another
trend in automotive industry: downsizing.

In fact, heat transfer improvement by radiator’s con-
struction changes is now limited because of the physical

limitations. For that reason the researches are focused now
on cooling fluids development. Coolants used in vehicle
should have high efficiency of heat dissipation and high
thermal conductivity coefficient [2, 10-12], as their role is
to act as a heat-exchange medium [8, 13].

Nowadays, the most widely used cooling fluids are wa-
ter or ethylene glycol-based fluids [12], although their effi-
ciency is relatively low. For this reason the possibility of
employing nano-fluids, containing nanoparticles, is now
under investigation. The main feature of nano-fluids is their
high capacity of thermal properties enhancement [8]. It was
observed, that application of nano-fluids can improve heat
transfer by 25% [9] to even 50% [8]. Nano-fluids are fluids
enriched by nanoparticles, which may be for example ZnO,
CuO, Al,O;, SiO; [2], Cu or TiO; [2, 9]. Despite properties
of nano-fluids, their usage is limited and OEMs still re-
commend glycol-based coolants for their automobiles [14].

Many tests for new models of radiators are usually re-
quired before their implementation, and are routinely per-
formed, i.e. durability by thermal shocks, vacuum/helium
tightness or external corrosion resistance for aggressive salt
spray. The results of degradation study of radiator material,
durability tests or radiators operational parameters are de-
scribed in literature. However, data regarding radiator’s
internal material performance or cooling fluid long-term
performance is not easily available

The aim of present work was to monitor changes in
chemical and physical properties of selected cooling fluid
during long term durability test of three radiators. The ra-
diators were exposed to high temperature of cooling fluid
for more than 3000 h, and samples of coolant were collect-
ed every 500 h.

This paper discusses elements concentration changes in
Glysantin G48, glycol based fluid, which are a reflection of
radiator’s material wear and cooling fluid condition. More-
over, some physical parameters were also observed: chan-
ges in reserve alkalinity, pH value and density, which may
also reflect the aging effect of cooling fluid and material.
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2. Experimental

2.1. Testing stand

Durability test of three selected heat exchangers (Tested
parts #1...#3) were performed in BOSMAL Automotive
Research and Development Institute Ltd. The scheme of
testing stand is presented in Fig. 1.

The test was performed in three steps and lasted 3003
hours in total. The temperature during the 3000 hours of the
test was constant (120°C), and it was increased to 137°C
during the last three hours of the test. Cooling fluid was
heated with the use of pipe exchanger before introduction to
radiators in order to simulate engine work.

The pressure of the fluid was measured in front of the
radiators, and was in the range of (1.5...2.3) X 10° Pa. The
summary of test parameters is presented in Table 1.

Table 1. Durability test parameters

Test step Time Temperature Pressure
- [h] [°C] [x10° Pa]
1 2500 120 20.5 1.5 £0.05
2 500 120 =0.5 2.1 £0.05
3 3 137 £2.0 2.3 +0.05

The flowrate of cooling fluid in each heat exchanger
was also monitored and recorded, and was 4200 L h™". At
the start of the test and every 500 hours of test duration a 50
mL sample of cooling fluid was collected, and physical-
chemical analysis were performed.

2.2. Cooling fluid

Cooling fluid which was used in durability test was
Glysantin G48®. The basis of Glysantin G48 is ethylene
glycol, and according to Data Sheet [15] Glysantin G48
contains a corrosion inhibitor package based on organic

acids salts and silicates. The main objective of Glysantin
(G438 is to protect engines against corrosion, overheating and
frost damage. Moreover, Glysantin G48 does not contains
nitrites, amines and phosphates.

Before use, concentrated Glysantin G48 was diluted
with distilled water to concentration recommended by pro-
ducer [15].

2.3. Physical-chemical analysis

Some physical properties of Glysantin G48 are men-
tioned in Data Sheet, i.e. density, viscosity, boiling point,
flash point, pH value, reserve alkalinity or ash content.
Typical values for concentrated Glysantin G48, given by
producer, are presented in Table 2 [15]. Besides physical
data, no chemical properties or elements content are men-
tioned in Data Sheet. The only limitations in elements con-
tent refer to the water used to dilution of concentrated Gly-
santin.

Table 2. Physical properties of Glysantin G48 [15]

Parameter Unit Value
Density at 20°C gem™ 1.121...1.123
Viscosity at 20°C mm’ s 24...28
Refractive index at 20°C - 1.432...1.434
Boiling point °C > 165
Flash point °C > 120

pH value - 7.1...73
Reserve alkalinity mL 13...15
Ash content % <15
Water content % <35

Only few of listed in Table 2 parameters may change
during coolant usage as a result of cooling fluid wear, while
remaining are typical parameters independent of the wear.

Fig. 1. The scheme of testing stand
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Following physical parameters were selected for moni-
toring the condition of tested fluid during durability test:
density at 20°C, pH value and reserve alkalinity, as this
parameters may be the indicators of cooling fluid wear.

Polish Standards were applied for above mentioned
analysis:

— reserve alkalinity (R.A.) by titration method was meas-
ured according to PN-C-40008-05:1993 [16],

— pH value by potentiometric was measured according to
PN-C-40008-04:1992 [17],

— density was measured at 20°C by oscillometric method
according to PN-EN ISO 12185:2002 [18].
Additionally, twenty different elements (including me-

tals and non-metals) were also measured in each collected

coolant sample. Elements concentration was measured by
inductively coupled plasma optical emission spectrometer

(ICP-OES) Perkin Elmer Optima 8300, with horizontal

plasma and binary, radial and axial, observation system.

Fluid samples collected every 500 hours and so called ‘zero

sample’ (before the introduction to stand and start of the

test) were diluted ten times with deionized water before
analysis and then measured directly by means of ICP-OES
method.

The elements measured were as follows: Al, B, Ba, Ca,
Cr, Cu, Fe, K, Mg, Mn, Mo, Na, Ni, P, Pb, Si, Sn, Ti, and
Zn. Some of mentioned elements are typically present in
Glysantin G48, as a result of organic acids salts package,
and the remaining are indicators of heat exchangers’ mate-
rial wear. The changes in elements concentrations during
durability test were monitored.

3. Results and discussion

During the durability test, at the start of the test and eve-
ry 500h of test, cooling fluid samples were collected. Some
changes in physical properties of coolants were observed
during the test in comparison to ‘zero sample’.

As presented in Table 3 and in Fig. 2 slightly, but steady
decrease in reserve alkalinity and pH value was observed
along with test duration. No significant changes in density
were observed, which may suggests that no significant
changes in chemical composition (i.e. dissolved wear ele-
ments increase) occurred.

The changes in R.A. values may be a proof that the ca-
pacity of coolant to neutralize acidic glycol oxidation pro-
ducts is decreased, and therefore the protection ability of
cooling fluid is decreased. This may effect in radiator’s
material corrosion, however the lowest value of reserve
alkalinity during the test was still within recommended
range (10...14). On the other hand, observed pH value
decreased below 7.0 during the test, which value is out of
range of safe coolant performance and will result in lower
corrosion protection ability of the coolant. It can be stated,
that safe working time of diluted Glysantin G48 in presen-
ted test conditions, is 1000 hours in maximum, which is not
a long time, but it should be still keep in mind that cooling
fluid worked simultaneously with 3 radiators, not with one
as it usually takes place.

Along with physical properties, concentrations of wide
range of elements were also measured. The results obtained
can be divided into three groups (Tables 4-6). First group
(Table 4) includes elements that are neither from additives

package nor wear elements, and their concentration is be-
low method detection limit (MDL). Among this elements
are barium (Ba), chromium (Cr), iron (Fe), lead (Pb), tin
(Sn), and titanium (Ti). This elements are wear elements
(i.e. Fe may derive from cylinder block, Pb may derive
from heater core [20]). Because the present test was a stand
test of radiators durability with simulation of high tempera-
ture from engine work, and not with a real engine, above
mentioned elements were not detected in collected cooling
fluid samples.

Table 3. Physical properties changes

E;Zl;‘: R.A. [mL] pH value De“fgzljlf%ooc

‘zero sample’ 134 7.5 1.083

after 500 h 13.1 74 1.082

after 1000 h 12.9 7.1 1.092

after 1500 h 12.6 6.5 1.095

after 2000 h 11.8 6.4 1.087

after 2500 h 114 6.2 1.092

after 3000 h 10.4 6.0 1.089

—&—Reserve alkalinity [mL] =®@=pH value == Density [gcm-3]
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Fig. 2. Physical properties changes

Table 4. Elements not detected in coolant samples [mg/L]

E;;lﬁ: Ba Cr Fe Pb | Sn Ti

‘zero sample’ <0.1 <0.3 <0.1 <0.1 <0.5 <0.1
after 500 h <0.1 <03 | <0.1 <0.1 <05 | <0.1
after 1000 h <0.1 <03 | <0.1 <0.1 <0.5 | <0.1
after 1500 h <0.1 <03 | <0.1 <0.1 <0.5 | <0.1
after 2000 h <0.1 <03 | <0.1 <0.1 <0.5 | <0.1
after 2500 h <0.1 <03 | <0.1 <0.1 <0.5 | <0.1
after 3000 h <0.1 <03 | <0.1 <0.1 <0.5 | <0.1

The second group of elements includes elements com-
ing from additives package. Among this elements sodium
(Na), boron (B), potassium (K), phosphorus (P), molyb-
denum (Mo), and silicon (Si) have to be mentioned. Boron
is usually added to cooling fluid in form of borates, espe-
cially sodium borate, and silicon in form of silicates. Potas-
sium may be in form of salt, but the addition of K in tested
coolant is not very high. Similarly, addition of Mo and P is
not very high in cooling fluid under study. The role of all
these additives is to inhibit material corrosion by buffering
properties and to act as anti-foam agents [19, 20].
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The concentrations levels of elements from additive
package during the durability test are presented in Table 5.
The changes in concentrations levels of Na and B during
the test are graphically presented in Fig. 3, of Si and P in
Fig. 4, while concentration changes of Mo and K are pre-
sented in Fig. 5. The elements were grouped on the basis of
the trends in concentration changes.

Table 5. Changes in additive elements concentrations [mg/L]

S:;;‘: B Na K Si p Mo
‘zero sample’ 988 4407 19.4 116 9.4 1.4
after 500 h 950 4267 272 89.4 21.0 1.3
after 1000 h 1078 | 4692 61.5 86.1 28.1 2.5
after 1500 h 1200 | 5638 78.0 924 22.5 2.8
after 2000 h 1218 | 5596 79.0 86.5 16.5 2.8
after 2500 h 1236 | 5560 95.7 87.3 18.0 5.0
after 3000 h 1190 | 5066 123 76.4 14.5 54

It can be seen in Fig. 3 that changes in concentration
values are very similar for boron and sodium. After initial
slightly decrease in B and Na concentration, increase and
then again decrease was observed. Although observed con-
centration changes of these elements occurred it cannot be
stated that they are significant.
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Fig. 3. Changes in B and Na concentration

No significant changes in concentration were observed
for phosphorus and silicon, and the changes were very
similar (Fig. 4). However, concentration of P and Si slightly
decreased during the test, this decrease may testify Si or P
additive wear and worsening of cooling fluid properties.

—e—Si —e—P

Significant increase of concentration was observed for
potassium and molybdenum (Fig. 5). It is difficult to con-
clude why concentration of this elements increased. One of
the possible reasons is that compounds containing Mo and
K have a tendency to precipitate from the solution. Another
reason may be slightly decrease of water content in cooling
fluid (slightly density increase — Table 3). For that reason
concentration level of K and Mo increased from sample to
sample.
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Fig. 5. Changes in K and Mo concentration

Wear metals present in collected fluid samples consti-
tute third group of elements which should be discussed.
Concentration changes of following elements were moni-
tored: aluminum (Al), iron (Fe), copper (Cu), zinc (Zn),
magnesium (Mg), manganese (Mn), and nickel (Ni). The
concentration levels of these elements in collected coolant
sample are presented in Tables 6 and 7 and in Fig. 6 and 7.

Table 6. Changes in wear elements concentrations [mg/L]

Sﬁ;‘: Mg Mn Ni
‘zero sample’ 0.47 0.22 0.77
after 500 h 0.18 0.13 0.82
after 1000 h 0.30 0.57 0.66
after 1500 h 0.56 0.49 0.54
after 2000 h 0.22 0.15 0.13
after 2500 h 041 0.20 0.32
after 3000 h 0.51 0.19 0.10

As presented in fig. 6 quite big dispersion of results can
be observed, but is should be mentioned that observed con-
centrations levels are below 1 mg/L, which is a very low
value. Some concentration changes can take place due to
sample collection repeatability, and some other due to
measurement reproducibility, and for that reason no signifi-
cant conclusions can be drawn for these elements.

Another group of wear element is group including Cu,
Al, Ca and Zn. Concentrations of these elements were sig-
nificantly higher than 1 mg/L and some trends in concentra-
tion levels changes can be observed (Fig. 7, Table 7). The
highest concentration level during the whole test was ob-
served for zinc (Zn), and after initial increase in concentra-
tion of Zn, some decrease was observed. Similar situation
was observed for calcium (Ca), which is an external con-
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Fig. 4. Changes in P and Si concentration
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tamination, but probably from connections in test stand.
The concentration of copper (Cu) was on similar level dur-
ing the test, so it can be stated that no wear of components
including Cu occurred.

The most important observation is that no significant in-
crease of aluminum concentration was observed that clearly
prove that no radiator wear took place.
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Fig. 6. Changes in Mg, Mn and Ni concentration

Table 7. Changes in wear elements concentrations [mg/L]
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Fig. 7. Changes in Cu, Al, Ca and Zn concentration

4. Conclusions

During the 3003 h durability test of three radiators phy-
sical properties changes of cooling fluid were monitored:
reserve alkalinity and pH value. It can be stated that coolant
wear took place. Further performance of cooling fluid under
study in prolonged durability test could be worsen due to
further R.A. and pH value decrease. On the other hand no
significant increase of wear elements concentrations were
noticed, that can prove that no radiator wear occurred.

Periodical chemical analysis along with physical proper-
ties changes observations is a simple, but very helpful tool
for radiator’s material and cooling fluid wear monitoring.
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f;’;’ll;l‘: Al Ca Cu Zn
‘zero sample’ 7.4 2.1 4.7 12.7
after 500 h 5.8 2.1 2.6 16.2
after 1000 h 44 3.6 5.1 195
after 1500 h 125 6.1 3.8 195
after 2000 h 6.8 22 35 22.0
after 2500 h 12.1 73 1.1 19.1
after 3000 h 9.0 52 16 16.6

Nomenclature

MSDS Material Safety Data Sheet
ICP-OES inductively coupled plasma optical emission
spectrommetry

R.A. Reserve Alkalinity
MDL Method Detection Limit

Bibliography

[1] ZOHURI, B. Heat exchanger types and classifications.
Compact Heat Exchangers: Selection, Application, Design
and Evaluation. Springer 2017. DOI: 10.1007/978-3-319-
29835-1.

[2] LALPURWALA, G.J., JANI D.B. A critical review on heat
transfer enhancement in a car radiator by use of nano fluid.
1JRME — International Journal of Research in Mechanical
Engineering. 2017, 04(04), 25-27. http://researchscript.com/
ijrme/ijrmevol4issue4/ijrme040406

[3] ADDEPALLL S., EIROSA, D., LIEOTRAKOOL, S. et al.
Degradation study of heat exchangers. Procedia. CIRP
2015, 38, 137-142. DOI:10.1016/j.procir.2015.07.057.

[4] LIN, CH., SAUNDERS, J., WATKINS, S. The effect of
changes in ambient and coolant radiator inlet temperatures
and coolant flowrate on specific dissipation. SAE Technical
Paper. 2000-01-0579. DOI:10.4271/2000-01-0579.

[5] PETA, K., GROCHALSKI, K. The measurements of tem-
perature and deformations of car radiators. E3S Web of Con-
ferences. 2017, 19, 1-4. DOI:10.1051/e3sconf/20171903033

[6] PETA, K., GROCHALSKI, K., PIASECKI, A., ZUREK, JI.
The influence of sodium chlorides fog on corrosion re-

sistance of heat exchangers used in automotive. Archives of
Mechanical Technology and Materials. 2017, 37, 45-49.
DOI:10.1515/amtm-2017-0007.

[71 OYA, Y., KOJIMA, Y., HARA, N. Influence of silicon on
intergranular corrosion for aluminium alloys. Materials
Transactions. 2013, 54(7), 1200-1208. DOI: 10.2320/mater-
trans.M2013048

[8] AHMED, A.S., OZKAYMAK, M., SOZEN, A. et al. Im-
proving car radiator performance by using TiO,-water
nanofluid. Engineering Science and Technology, an Interna-
tional Journal 2018, 21, 996-1005. DOI: 10.1016/j.jestch.
2018.07.008.

[9] HARSH, R., SRIVASTAYV, H., BALAKRISHMAN, P. et al.

Study of heat transfer characteristics of nanofluids in an au-

tomotive radiator. IOPConference Series: Materials Science

and Engineering. 2018, 310, 1-7. DOI; 10.1088/1757-899X/

310/1/012117.

VOON, F.C. Design and development of nanofluid car

radiator test rig. Technical Report. 2015.

SHEIKHZADEH, G., HAJILOU, M., JAFARIAN, H. Ana-

lysis of thermal performance of a car radiator employing

[10]

[11]

COMBUSTION ENGINES, 2019, 177(2)

191



Effect of aging and interaction of cooling fluid with heat exchangers material in long-lasting durability test

[12]

[13]

[14]

nanofluid. International Journal of Mechanical Engineering
and Applications. 2014, 2(4), 47-51. DOI: 10.11648/j.ijmea.
20140204.11.

MUTUKU, W.N. Ethylene glycol (EG)-based nanofluids as
a coolant for automotive radiator. Asia Pacific Journal on
Computational Engineering. 2016, 3(1), 1-15. DOI: 10.1186/
s40540-016-0017-3

SAXENA, G., SONI, P. Nano coolants for automotive
applications: a review. Nano Trends: A Journal od Nanotech-
nology and Its Applications. 2018, 20(1), 9-22. techjour-
nals.stmjournals.in/index.php/NTs/article/view/78.

TL 774:2010, Ethylene Glycol-Based Coolant Additive, VW
Standard 2010.

Joanna Faber, DEng. — Chemical Laboratory Manager,
BOSMAL Automotive Research and Development
Institute Ltd.

e-mail: joanna.faber@bosmal.com.pl

Krzysztof Brodzik, DEng. — Head of Materials
Testing Department, BOSMAL Automotive Re-
search and Development Institute Ltd.

e-mail: krzysztof.brodzik@bosmal.com.pl

[15]
[16]

(7]

(18]

[19]
[20]

BASF: G48°® Data Sheet 2013.

PN-C-40008-05:1993, Antifreeze fluids for heat exchangers
for combustion engines. Determination of alkalinity reserve.
PN-C-40008-04:1992, Antifreeze fluids for heat exchangers
for combustion engines. Determination of pH value.

PN-EN ISO 12185:2002, Crude petroleum and petroleum
products. Determination of density. Oscillating U-tube
method.
www.borax.com/applications/industrial-fluids-lubricants.
ANDERSON, D.P., MALTE, L., LYNCH, B.K. Diesel
engine coolant analysis, new application for established instru-
mentation. Spectro Incorporated. 1998. https://archive.org/de-
tails/DTIC_ADA347981.

Zbigniew Jurasz, DEng. — Research and Technical
Specialist in BOSMAL Automotive Research and
Development Institute Ltd.

e-mail: zbigniew.jurasz@bosmal.com.pl

192

COMBUSTION ENGINES, 2019, 177(2)



S INSTYTUT TECHNICZNY WOJSK LOTNICZYC ||
ul. Ksiecia Bolestawa 6, 01-494 Warszawa, skr. poczt. 96 II
il

tel.: 261 851 300; tel./faks: 261 851 313
www.itwl.pl e-mail: poczta@itwl.pl

% L0 T“\g’\o

\

Tomograf komputerowy (CT) - badanie nieniszczace NDT I

Instytut Techniczny Wojsk Lotniczych oferuje ustugi z zakresu badan tomografem komputerowym. I
Badania prowadzone sg na tomografie typu v/tome/x m 300 firmy GE o max. mocy lampy 300kV/500W.
Urzadzenie posiada réwniez lampe do nanotomografiio mocy 80kV/15W.

Prowadzimy prace badawcze obejmujace Urzadzenie umozliwia prowadzenie badan z zakresu:
swym zakresem materiaty takie jak: * wykrywania defektéw o rozmiarach powyzej 0,5 u
* stopy tytanu zwykorzystaniem lampy 180 kV

* stale * materiatéw o bardzo duzej gestosci (np. topatki turbin
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Kontakt bezpostredni:
Zaklad Silnikow Lotniczych
tel.: +48 261 851 334; fax: +48 261 851 338
e-mail: jaroslaw.spychala@itwl.pl

Zapraszamy do wspoftpracy!







S INSTYTUT TECHNICZNY WOJSK LOTNICZYC ||
ul. Ksiecia Bolestawa 6, 01-494 Warszawa, skr. poczt. 96 II
il

tel.: 261 851 300; tel./faks: 261 851 313
www.itwl.pl e-mail: poczta@itwl.pl

% L0 T“\g’\o

\

Tomograf komputerowy (CT) - badanie nieniszczace NDT I

Instytut Techniczny Wojsk Lotniczych oferuje ustugi z zakresu badan tomografem komputerowym. I
Badania prowadzone sg na tomografie typu v/tome/x m 300 firmy GE o max. mocy lampy 300kV/500W.
Urzadzenie posiada réwniez lampe do nanotomografiio mocy 80kV/15W.

Prowadzimy prace badawcze obejmujace Urzadzenie umozliwia prowadzenie badan z zakresu:
swym zakresem materiaty takie jak: * wykrywania defektéw o rozmiarach powyzej 0,5 u
* stopy tytanu zwykorzystaniem lampy 180 kV

* stale * materiatéw o bardzo duzej gestosci (np. topatki turbin
* materiaty kompozytowe silnikéw lotniczych) z wykorzystaniem lampy o mocy
e beton 300kV

e guma * uktady elektroniczne (scalone)

* materiaty pirotechniczne
* ztozone agregaty lotnicze

Masa badanych elementéw do 50 kg.
Wymiary orientacyjne 50x50x60 cm. W

Posiadamy wysoko wykwalifikowany,
certyfikowany personel.

Kontakt bezpostredni:
Zaklad Silnikow Lotniczych
tel.: +48 261 851 334; fax: +48 261 851 338
e-mail: jaroslaw.spychala@itwl.pl

Zapraszamy do wspoftpracy!









