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Two mobile emissions analysis systems
for measurement of emissions (regulated
gaseous and PN) and fuel consumption
under real driving conditions

Conforms to all applicable EU legislation;
both light-duty (RDE, up to RDE4)
and heavy-duty (ISC)

Flexible systems allowing installation
on a wide range of vehicles for both
certification and R&D tests

Equipped with high-accuracy exhaust flow
meters, weather stations and GPS units

THC measurement available in both
systems

Data post-processing, elaboration of results,
planning and analysis of test routes, etc.

PEMS analysis on chassis dyno
over any driving cycle

Euro 6d-compliant emissions testing laboratories for both certification
and R&D activities on vehicles with ICE-based, hybrid and fully
electric powertrains

Climate simulation in the range -35°C to +60°C

4WD and 2WD single-roll 48” chassis dynamometers with slope
simulation and motorcycle mounting system

Bag and dilute emissions measurements (all regulated emissions,
NMHC, NO/NO,)

Raw emissions measurements (all regulated emissions, NMHC,
NO/NQ,) — 2 modal lines with high-accuracy dilution air measurement

Gravimetric filter (PM) and condensation particle counter (PN)
for measuring particulate emissions

Raw PN, opacimeter, soot sensor and size distribution counter
available for R&D activities

Direct engine speed monitoring

EGR measurement

ECU data logging via OBD port

Power analysers for RCB correction available

NH,, N,O and FTIR analyser available

Additional devices (thermocouples, analog signals, etc.) supported

All common driving cycles available; custom cycles can be implemented

Chassis dyno RDE simulation and CVS-PEMS emissions correlation
studies

Vehicle soaking container, temperature: -40°C to +40°C,
capacity: 2 SUVs/small vans
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Selecting a material for an aircraft diesel engine block

Selecting appropriate materials is presently a complex task as material databases cover tens of thousands of different types of mate-
rials. Product designing proceeds in numerous stages and in most of them there are open questions with not only one correct solution but
better and worse ones. This paper overviews the Diesel engine body construction materials mentioned in the literature and discusses
a certain practical method to select materials for a cylinder head and a Diesel engine block as a prototype. The engine body, depending
on its purpose, is most frequently iron or aluminum. If it is important to optimize parts to achieve low weight, aluminum alloys are usual-
ly applied, especially in the automotive and aviation industries. In the latter case, weight is even more important so new types of magne-
sium alloys which are even lighter than aluminum ones are developed and used. However, magnesium alloys are, for example, more
flammable and not enough strong so, for safety reasons, this type of material is not used solely in engine bodies.

Key words: Diesel, engine, aluminum alloys, engine block, prototype

1. Introduction

The choice of a material for the combustion engine
block discussed in this paper is directly related to the de-
signing research on a new type of combustion engine struc-
ture done in cooperation with the Construction Office of
WSK PZL-KALISZ S.A. The investigated engine is a new-
ly designed two-stroke internal diesel engine. The unit's
characteristic feature is three cylinders with three pairs of
opposed-pistons (Fig. 1). 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 in a diesel
cycle. The engine will be equipped with a direct diesel
injection system. The progress in this research is described
in [4,5, 11, 16].

Fig. 1. Visualization of the new construction of the opposed-piston engine

Nowadays, material databases count tens of thousands
of different materials so selecting an appropriate structural
material is a complex task. Product designing is a multi-
step process. Most of these steps face open problems where
is no only one correct solution but better and worse ones.
The idea of material selection charting introduced in [1]
helps in an initial material selection and enables a logical
procedure to be used in next stages of such a selection.
A type of project (original, adaptive or alternative) already
enables a group of desired materials to be initially narrowed

down. As far as the original design is expected to be inno-
vative in terms of its materials, an alternative design does
not have to be so if its functions are preserved and its modi-
fications involve scale, dimension or a manner to achieve
its function. The body of the two-stroke compression-
ignition engine can be just classified as an alternative type
of design. Cylinder heads and piston engine blocks are
usually made of cast iron or aluminum alloys to match their
purpose. If it is important to optimize parts for the lowest
possible weight, aluminum alloys are usually used, which is
typical of the automotive and aviation industries. Actually,
in aviation, weight is even more important so new magne-
sium alloys which are lighter than aluminum alloys are
used, however their flammability, lower strength and safety
reasons make this material not be used on its own in engine
bodies.

World War I and II were heyday periods for the aircraft
piston engine. Then, the development of the jet engine
hampered their progress for many years. Nowadays, the
piston engine is chiefly used in light aircraft: aero clubs,
business, cargo, rescue, sport and recreation. Technically,
these engines show a pre-war knowledge of theory of oper-
ation, design and production technology, especially in com-
parison with today’s automotive drives [14].

According to [14] piston engines constitute the largest
weight in every aircraft. Unit weight, or weight per unit of
power, used in today’s aircraft piston engines is 3—4 times
larger than in turbine engines. Individual values of charac-
teristic parameters are: fuel consumption 200-220 g/km/h,
power cylinder capacity: 50-60 KM/dm’, weight: ~0.5
kg/KM. These values relate to spark-ignition engines. Com-
pression-ignition engines due to technological difficulties
were not very popular in aviation in the last century and
were often used in tanks.

Therefore, this topic is very interesting because light
civil aviation is gaining in importance and environmental
aspects are crucial here. This is an opportunity to develop
aircraft piston engines and apply certain verified automo-
tive solutions because piston engines are constantly im-
proved to satisfy ecological requirements. Currently, com-
pression-ignition engines are increasingly used in the light
aviation, e.g. ZOCHE aero-diesel, Wilksch Airmotive,
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DeltaHawk Engines, Gemini Diesel, DAIR-100 Diesel Air,
Austro Engine AE300 or the conceptual engine by Baker
Engineering and Kinetic BEI LLC.

Finding a strong enough type of material to satisfy loads
expected in the designed engine is relatively easy. Howev-
er, finding an optimal solution is not so. It is possible to use
alloys which are used, for example, in military applications
but their price prevents civil ones. According to [9], a sin-
gle turbine blade made of a nickel-cobalt alloy known as
Inconel is 10 thousand dollars. Piston engines have no
blades but have elements that should transfer significant
thermal stress.

2. Methodology
A number of material available exceeds capabilities of

selection if we resort to analytical capabilities of the human

mind only. A kind of software that collects database for
specific materials appear to be helpful here. This is an at-
tractive though a very expensive solution, which greatly
limits its usefulness [1]. It is worth noting that the approach
to the issue of selecting materials presented at least in tech-
nical university courses [17] cannot be applied if there is

a real need to design elements and select the right material

for a designed alternative product. As indicated in [17],

selecting materials is an optimization process, so it is nec-

essary to formulate constraints and functions defining mate-
rial requirements, which means finding the so-called func-
tionality indicator dependent on properties of a material and
whose maximization determines an optimal material for

a given purpose. This approach is accurate mainly if simple,

original products are designed as it enables us to extend an

application of new materials.

The functionality indicator is determined from the fol-
lowing algorithm [17]:

— determining the feature to be optimized,

— deriving the equation of the feature to show functional
requirements — the function of the objective,

— determining design constraints,

— deriving equations representing design constraints,

— determining free variables,

— substituting free variables calculated from (d) into equa-
tion (b),

— grouping the variables into three sets: functional (loads,
deflections ...), geometric (size, moments of inertia of
sections ...) and material (properties)

— reading the functional indicator.

These are basic guidelines which should be accompa-
nied by other factors like price, ownership of a technology
or an ecological impact. In practice, especially if selecting
materials for engine components, materials cannot be cor-
rectly and effectively selected with no expert knowledge of
operations and processes, even if resorting to databases.
A simple specification of loads acting on so complex ele-
ments that are subjected to variable stress and thermal loads
is impossible either. This is verified just after entering ma-
terial parameters into simulation software, for example
parameters that determine mechanical stress or thermal load
and after the computation. Accurate calculations are time-
consuming, so performing hundreds of repeated calcula-
tions for other materials is simply impossible. If load is not

known yet, a pre-received material should be adopted. It is,
therefore, indispensable to determine what materials could
be used for the aircraft piston engine block. Instead of for-
mulating theoretical functionality indicators, time-consu-
ming and complicated to determine loads acting on the
product, you can collect information on what materials have
been used so far for given elements and choose those that
meet requirements set for designed parts, e.g. the engine as
it is here. Additional aspects to consider are, of course,
availability, price or knowledge and a possibility of an
economically justified processing of a given material. This
solution should be avoided while designing [1], especially
the original product as it hampers development in the field
of applied materials. Here, however, we have an adaptive
product which is a part of a larger project of a present peri-
od of time, fixed-cost, and a necessary level of quality. It
seems reasonable here to limit oneself above all to available
materials and not search for and test expensive and un-
reachable ones. It should also be remembered that if you
decide on a material not used in a given field yet, you can
face new problems such as no accurate material data at
given loads, which may lead to significant difficulties and
a longer selection period of time, which will also affect
quality of calculations. Another important issue is a ma-
chining of the material. One can think that companies that
professionally manufacture engine components should not
find it as a significant problem. The necessity of retooling
machines, extending a preparation and completion period of
time means high costs and may affect mass production.
Mass production companies are hardly interested in unit
production, and the need for retooling their technological
machines causes a dramatic increase in cost of production.
If a prototype project is developed under a research project
or by a research center, it becomes another issue affecting
a choice of a material. It is necessary to prepare adequate
technological facilities to implement production processes.

The first phase of the product life cycle, including man-
ufacturing prototype parts, is very expensive in the whole
life-cycle. For example, a unit production of a piston engine
with a diameter of a few centimeters in line with a target
producing technology amounts to tens of thousands of
Polish zlotys. It consists of all production processes that
occur during a standard serial production. If there are cer-
tain exemptions from a basic technology, this cost can be
reduced by up to 80%, however, such a product will proba-
bly show poorer strength than its equivalent produced in
series. While developing the prototype, some exemptions
are necessary chiefly to enable the creation and testing of
different versions of parts, and an improvement of the pro-
cess is postponed in line with the Pareto principle, i.e. 80%
of the results come from 20% of outlay and 20% of the
results should be covered by 80% of outlay. This principle
describes many economics and management phenomena.

In this work, literature analysis is a main tool to select
a material for a prototype engine block; however, aircraft
engine manufacturer’s experience and technological re-
sources are used, too. First, our focus was on the previously
used materials for the given element both in the automotive
and aviation industries. Then, the development of materials
was studied, focusing on selected properties, which accord-
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ing to the authors are fundamental, if not decisive here.
Also, the authors included availability and data obtained
from the material database.

3. Application of aluminum alloys
in the production of diesel engine blocks

3.1. Designation
Depending on the source of the article and the time it

was written, aluminum alloys have different designation. In

order to unify the nomenclature in situations where there is
an equivalent in European standards for:

— PN-EN 573 "Aluminum and aluminum alloys — Chemi-
cal composition and types of plastically processed pro-
ducts"

or

— PN-EN 1706 "Aluminum and aluminum alloys — Cast-
ings — Chemical composition and mechanical proper-
ties"

it will be quoted, but due to differences in the content rang-
es of individual elements for individual alloys, this is not
always possible. Then the original nomenclature will be
preserved, and possibly the material with the closest com-
position will be indicated. Below, Table 1 and 2 present
exemplary markings of aluminum alloys in standards most
frequently used by manufacturers and in scientific publica-
tions.

Table 1. Designation of plastic processed aluminum alloys according to
selected standards [8]

PN EN PN EN
573-3 573-3 PN(-O71?1/II_11(;§§1; 60 ASTM DIN
(numerical) (chemical)
AlCu4MgSi Al-
2017A A) PA6 2017 CuMegl

Table 2. Designation of aluminum alloys castings according to selected
standards [10]

PN-EN PN-76/H-88027 (old SO EN
1706:2001 norm) 3522/1984 | 1706:1998

. AK7 Al- AC-
AC-AISiTMg AlSiTMg SiTMg/Fe/ | AlSi7Mg

Aluminum alloys are thermally treated to the state T.
The designation together with the description is presented
in Table 3. In the context of engine block and cylinder head
machining, T6 treatment is the most common.

Table 3. Designation of heat treatment process conditions [6]

Tre'atme'nt Treatment description
designation
T1 naturally aged after cooling from the increased tem-
perature of the shaping process
T cold deformed after cooling from elevated forming
temperature and naturally aged
T3 over-saturated, cold deformed and naturally aged
T4 saturated and naturally aged
TS artificially aged after cooling from an elevated tem-
perature of the shaping process
T6 saturated and artificially aged
T7 saturated and stabilised (obsolete)
T8 over-saturated, cold deformed and artificially aged
T9 over-saturated, artificially aged and cold deformed

3.2. Materials used in the manufacture of diesel engine
blocks

In the popular scientific literature, in the context of ma-
terials used to manufacture the engine body (depending on
the construction this refers to the engine block and cylinder
head), most often appear aluminum alloy or wrongly —
aluminum, which actually replaced the older and heavier
cast iron constructions. However, in the engine design pro-
cess the information about an unspecified alloy is definitely
insufficient, detailed data of a specific material are neces-
sary. Engine manufacturers often do not provide infor-
mation about the type of alloy used, its properties or the
type of treatment used. The "know-how" in cylinder head
casting technology is closely guarded and provides an ad-
vantage in the market.

The cylinder heads must fulfil two basic material re-
quirements. One of them is resistance to deformation
caused by the pressure generated during combustion of the
load and assembly loads preventing leaks in the system.
The second requirement is resistance to high temperatures
to prevent cracks in the cylinder head area between inlet
and outlet valves, which are exposed to flame [15].

According to the material base [10], the following al-
loys can be used for cylinder heads of combustion engines:
AKS2 (AlISi6Cu2),

AKS1 (AISiSCul),

AKS84 (AlISi8Cu4MgMn) (air cooling, Fiat 126p),

AKS3 (AISiSCu3Mn).

However, there are situations where producers decide to
make their knowledge available to a wider audience. In the
paper [13] the tested materials used for the production of
cylinder heads are alloys:

— AKS51 (AlSi5Cul)

and

— alloy composed of 8.75% Si, 0.50% Cu, 0.43% Mg,

0.13% Mn, 0.22% Fe, 0.02% Ni, 0.03% Zn, 0.02% Ti,

0.02% Sn, with a composition close to the alloy AK9

(AISi9Mg) with a content of 8.5-10.5% Si, 0.3% Cu,

0.25-0.4% Mg, 0.25-0.5% Mn.

It is described as a material of the "head of a well-
known automotive company”. There is also information
that the Fiat foundry used an alloy of 6% Si, 2% Cu, 0.3%
Mn, i.e. AK52 (4.0-6.0% Si, 1.5-3.5% Cu, 0.3-0.8% Mg,
0.2-0.8 Mn, 0.5 Ni) for the engine block.

According to [15] and [2], A356.0 aluminum alloy
(ASTM: 6.5-7.5% Si, 0.2% Cu, 0.25-0.45% Mg, 0.1% Mn)
is a widely used material in the production of cylinder
heads of internal combustion engines. In the old Polish
standard PN-76/H-88027 it is an alloy marked as AK7
(6.0-8.0% Si, 0.2% Cu, 0.25-0.4% Mg, 0.1-0.5 Mn), while
in the European standard: A1Si7Mg0.3.

3.3. Overview of research carried out with
the application of selected aluminum alloys
This review has focused on the aluminum alloys that are
used for CI engine blocks and on the materials considered
for such applications. The main conclusions of this work
were selected, focusing on the material properties relevant
to the critical load conditions of the engine block.
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In the paper [2] the influence of T6 type heat treatment
of AK7 alloy on thermo-mechanical fatigue and cyclic
slow-changing loads was investigated. In experimental
studies an improvement in mechanical and slow-changing
loads, especially at room temperature, was found. However,
the positive effect of heat treatment on thermo-mechanical
stability was not so significant anymore and the difference
in strength between the alloy with and without heat treat-
ment decreased with the increase in temperature. The au-
thors conclude that heat treatment did not improve thermo-
mechanical fatigue properties of the alloy due to over-
aging, i.e. softening of the alloy due to exceeding the re-
quired temperature or the required artificial aging time,
while under isothermal load the strength properties im-
proved significantly.

In the paper [15] the influence of the artificial ageing
process on the material samples taken from the cylinder
head made of AK7 aluminum alloy and thermally treated
with T6 type was investigated. The effects of thermal slow-
changing loads and changes in the microstructure during
the thermal fatigue test were studied. Under conditions
corresponding to the operation of the engine, thermal
strength tests of slow-changing loads were carried out in
order to describe the nature of elastic, plastic and viscoelas-
tic deformations and thermal fatigue. An important conclu-
sion obtained by the authors of the paper is the fact of im-
proving fatigue life after the application of ageing after heat
treatment type T6, but at the same time the strength de-
creased and the material showed a tendency to deformation.
The ageing time also influences the strength properties and
enables optimization of fatigue strength.

In the paper [12] the fatigue properties of the alloy
marked as ASTM A357.0, heat-treated type T61, composed
of 6.5-7.5% Si, 0.2% Cu, 0.4-0.7% Mg, 0.1% Mn, which
corresponds to the Polish standard PN-76/H-88027 AK7
alloy (EN: AlSi7Mg0.6), however with a slightly higher
magnesium content than A356, were studied. This alloy is
used for the production of cylinder heads of diesel engines.
The authors pay attention to material defects, such as poros-
ity or oxide coating, which may be the initiators of damage
if located on the surface or in the top layer of the cast ele-
ments.

The article [12] presents the results of investigations
carried out in terms of fatigue strength and micromecha-
nisms of damage on a sample obtained from a new cylinder
head taken immediately after leaving the production line.
A relationship between the fatigue zone micromechanism
and final failure zone and the appearance of fatigue cracks
in the area of porosity defect was observed on the surface of
the specimen fracture. The main initiator of fatigue crack
was the surface porosity in the region of maximum tensile
stress. When porosity occurred outside this area, far from
the maximum tensile stress, it did not crack the specimen.
Other factors such as oxide inclusions, silicon particle size,
intermetallic iron molecules did not affect fatigue life due
to the predominance of pores previously initiating fractures.
This statement is consistent with the results of the paper [3],
in which the authors state that porosity is the main factor
defining fatigue life of aluminum alloys.

In the paper [7] various aluminum alloys with the follow-
ing determination were subjected to fatigue tests: AlSi7Mg-
T6 (A356), AlSi5Cu3-T7, AISiSCul-T7, AlMg3Sil-T6,
AlMg3Sil(Cu)-T6 and AIMg3Sil(Sc,Zr)-T5. The first one
is the most commonly used alloy for cylinder heads and is
a reference point for the other materials in the context of
their use for cylinder heads. Cast aluminum cylinder heads
are subjected to increasing thermo-mechanical loading and
the space between valve bridge is a critical element. For
this reason, the sample geometry was modified (Fig. 2),
similar to that of the critical element, and compared to the
load model obtained on standardized samples.

Fig. 2. View of the sample [7]

On the basis of experimental research it has been pro-
posed to build in a numerical ageing model of the alloy in
order to improve the model used to determine fatigue life.
The cylinder head is exposed to multi-axial loads and vary-
ing temperature conditions, but cracks are initiated around
the valve seat. The strength of aluminum alloys decreases
significantly with increasing temperature. Hardened alloys
reduce their strength already at 150-200°C, which also
affects the metallurgical properties and microstructure. The
local load on the head is in the range of 20-300°C. The
anticipation of a decrease in material strength allows the
serious consequences of damage to be limited. The lowest
coefficient of thermal expansion was obtained for standard
alloy A356, regardless of temperature increase. The thermal
conductivity of this alloy tested at 50-400°C was also the
highest (190 W/(mK)). The mechanical strength of almost
all the tested alloys decreases drastically in the range 150—
250°C (from about 300-350 MPa to 150-200 MPa), except
for the alloy AIMg3Sil(ScZr)-T5, for which the value of
permissible stresses remains at the level of 250-300 MPa
throughout the temperature range investigated [7].

Despite the fact that the aluminum alloys with the main
additives such as silicon and copper (AlSiCu) are character-
ized by high thermal conductivity, the decrease in strength
was not as significant as in the case of the standard alloy
A356. The tested aluminum alloys with magnesium and
silicon (AIMgSi), despite worse strength and thermal con-
ductivity, were able to withstand up to twice as many ther-
mal-mechanical load cycles to crack than the standard al-
loy. The studies carried out clearly indicate the influence of
aging of the material on tensile strength and stress distribu-
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tion associated with a variable temperature field. Determi-
nation of the function, which will include thermal load
during the heat-resistance tests, will enable a more accurate
forecast of the product life under real load conditions. The
properties of alloys as a function of time, temperature and
the number of fatigue cycles were also determined. An
important conclusion from the study is the size of the influ-
ence of the ageing temperature on the two tested alloys. In
the case of the standard alloy it is high, whereas in the case
of AIMg3Sil (Sc, Zr) — TS5 alloy it is low and even imper-
ceptible. The research has also shown higher resistance of
AlSiCu alloys to crack initiation in comparison to AIMgSi
and AISiMg alloys. Several numerical simulations for
AlSi7Mg and AlSi5Cu3 alloys were carried out and com-
pared with experimental results. Consideration of material
aging function in the model turned out to be important
especially for the standard alloy, which properties deterio-
rate drastically in the range of applied thermal loads [7].

4. Conclusions

It was concluded that it is not appropriate to use for the
prototype engine block an alloy which is not commercially
available. Production of a new alloy in a foundry, only for
the purpose of making a prototype engine is not economi-
cally justified and, moreover, makes it necessary to deter-

mine its material data. It should be mentioned that the aim
of the project is the construction of a new engine and there-
fore testing of new materials exceeds the scope. It is worth
mentioning that the information presented in the material
databases, i.e. that the physical and mechanical specifica-
tions given are only approximations, and the properties of
materials may vary significantly depending on the supplier,
internal standards, heat treatment, dimensions and other
parameters, therefore there is no guarantee of suitability for
a specific application.

It is recommended to use the alloy marked AK7 (A356,
AlSi7Mg) for the production of the prototype engine block.
If the results of simulation studies will indicate the correct-
ness of the selection, and the manufactured element will not
show sufficient strength, the cause of the damage should be
determined and perhaps another technology of production
should be considered, with particular attention on the poros-
ity of the produced element.
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Determination of pollutant emission of electric vehicle in real traffic
conditions in Poland

Alternative drives have an increasing share in the global, European and Polish market. The city authorities support primarily the de-
velopment of electromobility. Progress in these issues is also noticeable in Poland.

The increasing number of battery electric vehicles (BEVs) requires increasing energy costs of the country. Therefore, it is necessary
to increase energy production. This work estimates how large this energy surplus should be. For this purpose, it was necessary to deter-
mine the average energy consumption of an electric vehicle in real traffic conditions, and then to calculate the average energy demand
for a selected number of vehicles. Obtained results were related to pollutant emission considered in the well-to-wheel perspective (in-

cluding generation of electricity).

In the article, the authors also referred to the minimum number of charging stations for electric vehicles on the Trans-European
Transport Network (TEN-T) in Poland. This is a necessary condition on which depends the use of BEV vehicles not only on the territory

of cities, but also throughout the country.

Key words: electric vehicle, pollutant emission, RDE, environment, electromobility

1. Introduction

Electric vehicles are not a novelty in the history of mo-
toring. The first attempts to work on electric vehicles began
around 1800. Their popularity was significant until 1900. In
later years they were supplanted by vehicles fueled with
conventional fuels [13].

The return to electric vehicles is the result of the in-
creasing emission of harmful exhaust gases and the fight to
reduce the impact of transport on greenhouse gas emissions.

According to the IEA report, the number of electric ve-
hicles (EV), hydrogen vehicles (FCEV) and plug-in hybrids
(PHEV) on global roads in 2017 reached 3.1 million (an
increase of 54% y/y). In 2017, more than 1 million electric
cars were sold in total (54% more than in 2016), half of
which (580 thousand) in China. The second place was taken
by the United States with a result of 280,000 pieces [3].

On the roads of the Middle Kingdom, currently there are
1.23 million electric vehicles (40% of the global fleet EV),
in Europe 0.82 million, in the US 0.76 million, while in the
rest of the world — 0.3 million. In 2018, the largest EV
share in the new vehicle market was recorded in Norway
(39.2%), Iceland (11.7%) and Sweden (6.3%). China
(2.2%), Germany (1.6%), USA (1.2%) and Japan (1.0%)
ranked next. [3]

Electric vehicles are now being identified as one of the
main pillars of the future motorization. Until 2030, they are
to account for around 30-35% of all vehicle sales in the
world [5].

2. EV vehicle tests in RDE

2.1. Development of the RDE research route

In order to better determine the real impact of EV vehi-
cles on the environment, it was necessary to determine its
real energy consumption in real traffic conditions, accor-
ding to Real Driving Emissions (RDE) test.

For this purpose, it was necessary to designate a test
route that would be representative for the tests and

would meet the requirements imposed by the WLTP
procedure [14].

Requirements imposed by the legislator are presented in
the Table 1.

Determination of the research route (Fig. 1) was dealt
with at the Motor Transport Institute. Its development was
a priority due to the further possibilities of conducting re-
search [16].

Fig. 1. RDE research route

The designated transit route meets the requirements im-
posed by the legislator. It complements the WLTP testing
procedure. The transit route is representative for Warsaw
and allows performing tests in the field of emission tests in
accordance with the requirements of the currently applica-
ble WLTP procedure [16].

2.2. The electric vehicle

In order to perform EV vehicle tests in real traffic con-
ditions, one of the popular electric vehicles on the European
market was used for this purpose. Its selected technical data
are presented in the Table 2. In Fig. 2 the research vehicle
is presented.
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Table 1. Requirements for the RDE test route [14]

Parametr

Requirements

Outdoor
temperature (T,)

normal range: 0°C < T, < 30°C

extended bottom range: -7°C < T, < 0°C

extended upper range: 30°C < T, <35°C

The topographical
value of conducting
the research (h)

normal range: h < 700 m n.p.m.

extended range: 700 <h < 1300 m n.p.m.

Assessment of the
impact of external
weather and road
parameters, as well
as driving style

total height increase: less than
1200 m/100 km

relative positive acceleration (RPA): bigger
than RPA,, (for all driving conditions)

Coefficient of velocity and acceleration
(V*apos): less than v-apes min (for all test condi-
tions)

Thermal condition of
the vehicle before
the test

cold start of the vehicle: cooling liquid below
70°C, time at least 300 s

no counting of emissions from a cold start to
the RDE test

One time vehicle
stop

not longer than 180 s

Operation of exhaust
gas treatment Sys-
tems

single regeneration of the diesel particulate
filter may cause the RDE test to be repeated;
the occurrence of two regenerations is includ-
ed in the RDE emission test results

Operation of driving
comfort systems

normally used as intended (e.g. operation of
the air conditioning system)

Vehicle load

vehicle mass: driver (and passenger) and test
equipment; maximum load <90% of the total
mass of passengers and the payload of the
vehicle

Test requirements

duration 90-120 min

Requirements for the
urban part of the test

share 29-44% the length of the entire test

distance: greater than 16 km

vehicle speed (v): v < 60 km/h

average speed: 15-40 km/h

staging: 6-30% of the time of the urban part

Requirements for
the extra-urban part
of the test

share of 23—43% of the total length of the test

distance: greater than 16 km

vehicle speed (v): 60 km/h <v <90 km/h

Requirements for
the test section of
the highway

share of 23-43% of the total length of the test

distance: greater than 16 km

vehicle speed (v): v > 90 km/h

driving speed over 100 km/h for at least
5 minutes

driving speed over 145 km/h for up to 3% of
the time

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

Fig. 2. An electric research vehicle

2.3. Measuring equipment

Specialist test equipment was used to test the electric
vehicle. The YOKOGAWA WTI1806E device (Fig. 3) is
a six-channel power analyzer for measuring, among others,
power or consumption of energy collected and recovered
from batteries and subassemblies of electric and hybrid
cars, among others about:
— voltage measurement range 0—1000 V,
— current measurement range: 3 channels 0-5 A, 3 chan-

nels 0-50 A,

— basic accuracy not less than 0.05% of reading, +0.05%
of the measuring range,

— measurement update frequency (voltage, current, po-
wer) of at least 1 ms,

— sampling rate of 2 MS/s, 16-bit converter.

Fig. 3. Research apparatus

2.4. Test results and analysis

Parameter Unit Value The tests carried out on the RDE route allowed to de-
Length mm 4140 termine the average energy consumption of the vehicle. The
Width mm 1800 tests were repeated several times in order to determine the
Hight mm 1593 average of the obtained results.

Wheelbase mm 2570 The results from the electric vehicle tests on the RDE
Engine synchronous with permanent route are shown in Table 3.
magnets
Power kW 80.2 Table 3. The average energy consumption of the EV vehicle and the
Maximum engine average energy taken from the electricity grid during its charging
rotational speed pm 10,500 1 Unit Value
Range km Around 200 Enejrgy consumt?d
Battery type Lithium-polymer dellgglg research in kWh 17.3
Number of links pcs 192 Energy collected
Number of modules pcs 8 from the mains KWh 14.8
Weight of links kg 135 while charging
10 COMBUSTION ENGINES, 2019, 178(3)
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On the basis of own tests of an electric vehicle in real
traffic conditions, it was possible to examine its average
energy consumption and determine how much electricity is
needed to charge the batteries after passing the RDE test.
Then it was determined with the assumption of daily runs,
what would be the energy demand for one vehicle and
energy costs related to it (Table 4).

Table 4. Annual energy consumption needed to recharge the batteries
of one vehicle and determine the related costs

Parameter Unit Value
Daily mileage on business km 60
days
Dal.ly mileage on Sunday and km 60
holidays
Annual mileage on business km 15.060
days
Annual.mlleage on Sundays km 6340
and holidays
Total mileage km 21,900
Price 1 kWh for a household
(G11 tariff) z/kWh 0.55
Annual energy consumption
needed to recharge the kWh 3602
batteries of one vehicle
Anr}ual cost of charging one 74 1981
vehicle

3. Impact of EV vehicles on the country's energy
demand

Electricity production will increase by about 40% -
from 158 TWh in 2010 to 223 TWh in 2050. It will be
connected both with the economic development of Poland
and with shifting the demand for final energy from fossil
fuels towards electricity, resulting from the growing mech-
anization of industry and services, the spread of electric
vehicles (plug-in hybrids) and electrification of water heat-
ing and production processes heat in many households so
far using coal or gas for this purpose. This will also entail
an increase in the demand for power from the current 29
GW to 42 GW after 2040 [17].

The main producer of electricity throughout the forecast
period will be coal-fired power plants. The need to satisfy
fast growing demand will necessitate investment in new
coal capacities already in the current decade, especially that
blocks built in the sixties and seventies of the twentieth
century will be phased out. As a result of both processes by
2030, electricity production in coal-fired power plants will
increase by approx. 20% compared to 2010. At the same
time, the demand for electricity will increase by approx.
40%, and lignite resources in existing mines will start to run
out. At the same time, opening new deposits of this raw
material will be economically unjustified, as long as the
price of carbon dioxide emission allowances will grow in
line with the assumptions of the reference scenario. The
resulting gap between production and demand for electrici-
ty will have to be filled by low-emission technologies [17].

The supplement to the coal-fired power plant in the
energy system will be primarily renewable sources support-
ed by gas sources operating primarily in the reserve and
working in combination with heat production. The reasons
for the increase in the relative importance of RES are two.

First of all, the avalanche development of solar plants in the
world causes a rapid drop in solar energy costs for end
users [17].

Taking into account a specific plan to introduce in Po-
land up to 2020 a million electric cars, this value was as-
sumed to be representative in the calculations. Considering
the average energy demand for charging an eclectic vehicle
determined in own studies and analyzes, it was possible to
determine the energy demand for a million vehicles.

Table 5 shows the energy demand of a million electric
vehicles.

Table 5. Energy demand for powering electric vehicles

Parameter Unit Value
Annual energy consumption needed to
recharge the batteries of one electric kWh 3602
vehicle
Annual energy consumption needed to
recharge the batteries of a million electric TWh 3.602
vehicles
An increase in energy demand while

; o~ . . % 22

powering a million electric vehicles

As it results from the above calculations, a million elec-
tric vehicles do not have a significant impact on the overall
energy demand of the country. In the current situation,
when in 2017 the energy demand of the country amounted
to 170 TWh, the increase in demand for a million electric
vehicles would amount to 2.2%.

4. Well-to-wheel pollutant emission from EV

It is possible to estimate total emission of air pollutants
that can be attributed to EV operation by including the full
chain of electricity generation and supply, along with the
efficiency of each process considered. Certainly, the result
will depend on many factors, i.e. the type of primary energy
sources used for electricity generation, technology applied
at power station, electricity transmission and distribution
losses, efficiency of the vehicle propulsion system, etc.
Quantification of pollutant emission for such a wide range
is performed in the Well-to-Wheel (WtW) analysis, which
takes into account the acquisition of primary energy
sources, their processing into energy carriers (electricity or
fuel), transport, distribution and final consumption in the
vehicle [1]. This approach allows for a comparison of envi-
ronmental impacts between EV and conventional vehicles
with combustion engine.

WtW analysis is divided into two phases [1]:

- WItT (Well-to-Tank), covering the path of the energy
carrier up to the place of its storage in the vehicle,

— TtW (Tank-to-Wheel), covering the energy consump-
tion of the vehicle.

In this study, the WtW analysis was performed for the
EV described in previous chapters. The aim was to deter-
mine total annual emission of: carbon dioxide (CO,), sulfur
dioxide (SO,), nitrogen oxides (NOy), carbon monoxide
(CO) and particulate matter (TSP) from the EV charged
using electricity from power grid in Polish conditions. The
scope of the analysis was broken down into the following
stages: primary energy sources acquisition and transport,
conversion of primary energy sources to electricity at po-
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wer station, electricity trade (import and export of the elec-
tricity abroad of Poland), electricity supply post-trade,
electricity distribution over the power grid, EV charging at
low voltage (typical for most users [15]), and conversion of
the electricity to mechanical energy in EV (Fig. 4).

| Primary energy sources in nature

Acquisition and transport
of primary energy sources

A 4

| Primary energy sources at PS |

Conversion of primary energy
sources to electricity

A 4

| Electricity generated at PS |

Electricity
imported

A 4

Electricity trade

A 4

I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
| Electricity traded | |
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I

Supply of the electricity
to the grid

Well-to-Tank

A 4

| Electricity supplied to the grid |

Electricity distribution

A 4

| Electricity available at low voltage |

EV charging

A 4

| Electricity stored in EV battery |

Conversion of the electricity
to mechanical energy

I
I; |
xS |
= I
NB A 4 |
\
hc |
- |

Electricity consumed by EV

Fig. 4. Stages of the WtW analysis considered in the study;
PS — power station

The general research methodology has been adopted

from the JEC WTW report version 4a [6, 7]. In the calcula-
tions the following assumptions were made:

EV does not emit air pollutants in the TtW phase,
renewable primary energy sources do not emit pollu-
tants at the electricity generation stage,

the data on Polish electricity mix in 2017 (shares of
electricity obtained from the combustion of fossil fuels,
as well as various renewable energy sources) is derived
from the national database on greenhouse gas emissions
and other substances, run by KOBiZE (National Centre
for Emissions Management) [8],

— emission factors for electricity generation via combus-
tion of fuels are derived from KOBiZE report for 2017
[91,

— emission factors concerning acquisition and transport of
primary energy sources to power station are adopted
from [11],

— data on electricity traded with other countries was taken
from [11].

Table 6 presents the results of calculations of equivalent
emission of pollutants for 1 kWh of electricity needed for
charging EV at low voltage.

Table 6. Calculated emission factors for electricity needed for charging
EV at low voltage in Polish conditions

Pollutant CO, SO, NOx CO TSP
(equivalent)
Unit g/kWh | mg/kWh | mg/kWh | mg/kWh | mg/kWh
Value 881 825 837 300 50

Taking into account the annual energy demand for one
EV in Poland (3602 kWh), annual pollutant emission that
can be associated with charging the batteries of EV was
calculated. It is presented in Fig. 5.

35

3 L
25
2 L

15

Equivalent emission

1 -

05

COo2 SO2 NOx Cco TSP
[Mg] (kel [kg] [kg] [kg]

Fig. 5. Annual emission of pollutants associated with charging the batteries
of one EV in Polish conditions

Consequently, the total potential emission of pollutants
as a result of charging the batteries of one million EVs in
Poland can be calculated. The results are given in Table 7.

Table 7. Total potential emission of pollutants associated with charging
the batteries of one million EVs in Poland

Pollutant CO, SO, NO, CcO TSP
(equivalent)
Unit kg kg kg kg kg
Value 3.17-10° | 2.97-10° | 3.01-10° | 1.08-10° | 0.18-10°

5. Comparison of well-to-wheel pollutant emission

from EV and conventional vehicle

In order to better understand and evaluate the results of
WtW analysis made for EV (chapter 4), they were com-
pared with the results of WtW analysis for conventional
vehicle with an internal combustion engine (ICEV). The
ICEV chosen for comparison had similar technical parame-
ters (Table 8) to the EV and was equipped with a compres-
sion-ignition engine supplied with diesel oil.

12
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Table 8. Selected technical data of the tested ICEV [2]

Parameter Unit Value
Length mm 4278
Width mm 1777
Hight mm 1658
Wheelbase mm 2555
Engine type Compression-ignition,

4-cylinder, Common rail

Engine displacement cm? 1686
Maximum power kW @ rpm 96@4000
Maximum torque Nm @ rpm 300@2000-2500
Gearbox type Manual

Fuel consumption and pollutant emission concerning the
operation of ICEV, i.e. in the TtW phase, were determined
in real traffic conditions using exactly the same RDE test
route as for the EV (chapter 2). The concentration of ex-
haust compounds (CO,, CO, NO,) and the exhaust gas flow
rate were measured using portable exhaust gas analyzer
SEMTECH DS from Sensors Inc. The results of road tests
are presented in Table 9. Note that the emission of SO, and
PM was not included in the tests. Instead, SO, emission in
TtW phase was determined from fuel consumption using
emission factor according to the Ecoinvent database [4]. On
the other hand, PM emission was excluded from the com-
parative analysis due to the lack of adequate empirical test
results, while its theoretical estimation would be subject to
significant uncertainty, taking into account the high impact
of engine operating conditions on the emission of this pol-
lutant.

Table 9. Fuel consumption and pollutant emission of ICEV in the TtW
phase — results of RDE test

Fuel con- CO, SO, NO, CO

sumption emission | emission | emission | emission
Unit dm?/100 km g/km mg/kg mg/km mg/km
Value 59 157.50 5.02 201.17 148.10

The data from Ecoinvent [4] were also used to calculate
the emission of pollutants related to the production,
transport and distribution of diesel oil, i.e. in the WtT phase
(Table 10). To avoid the impact of additional assumptions
on the results of the analysis in the WtT phase, the standard
approach from Ecoinvent was adopted. It is adequate to
European conditions.

Table 10. Pollutant emission associated with the production, transport and
distribution of diesel oil in European conditions — the WtT phase

Pollutant CO, SO, NOx CcO
Unit g/kg g/kg g/kg g/kg
Value 491.89 4.390 1.797 0.148

Finally, a total emission of pollutants was obtained,
combining the TtW and WtT phases. The results for ICEV
were compared with the results for EV (Fig. 6).

Analyzing the results of WtW shown in Fig. 6, it is clear
that EV has lower overall environmental load than ICEV
when considering both the use of the vehicle and the pro-
duction of fuel or electricity. It is worth emphasizing that
this result was obtained for Polish conditions, where the
majority of electricity is generated by burning hard and

brown coal. In countries with a higher share of renewable
energy in the electricity mix, e.g. Norway, the difference
between WtW pollutant emission for EV and ICEV would
be even greater.

Equivalent road emission

co2 SO2 NOx (€0)

[g/km] [mg/km] [mg/km] [mg/km]

Fig. 6. Comparison of WtW emission for EV and ICEV

6. Number of EV vehicle charging stations
on the TEN-T road network and its impact
on the environment
The Trans-European Transport Network (TEN-T) is an

instrument for the coordination and ensuring coherence and

complementarity of infrastructure investments [10].

As a result of the revision of the TEN-T guidelines
completed in 2013, a new agreement has been established
on the territory of the EU Member States. This system
includes a core network that underpins the development of
the transport network on which EU activities are to focus,
in particular on cross-border sections, missing links, multi-
modal connections and major bottlenecks, and a compre-
hensive network ensuring the availability and connectivity
of all Union regions [10].

The trans-European TEN-T transport network inclu-
des [10]:

— road, rail, air, sea and river routes constituting the most
important connections from the point of view of the de-
velopment of the European Union,

— point elements of infrastructure in the form of sea, air,
inland and road-rail terminals.

Taking into account such variables as the location and
infrastructure of given road sections, the number of fast
charging points for electric vehicles was determined. Their
minimum amount is 60 points. With such infrastructure, it
will be possible to use electric vehicles on roads belonging
to transport routes

TEN-T and constituting road sections that will be heavi-
ly loaded in the perspective of 2020, without worrying
about the lack of space for charging vehicles. Assuming
that 3.602 TWh of energy and the efficiency of chargers
placed next to the TEN-T network is 95% needed to supply
one million vehicles [12], annual real energy demand will
amount to 3.752 TWh.

7. Conclusions

Electric cars are considered the future of motoring.
They are becoming more and more popular. In addition,
there are a number of benefits related to the operation or
subsidies for their purchase.

COMBUSTION ENGINES, 2019, 178(3)

13



Determination of pollutant emission of electric vehicle in real traffic conditions in Poland

EV wvehicles in daily use require the vehicle to be
charged. As a result, the energy demand of the country
increases. As it results from the calculations presented in
the article, the increase in the demand for electricity for
a million EV vehicles, only amounts to 2.2%. On the scale
of national energy demand, this is not much.

The article also presents the total potential emission of
pollutants associated with charging batteries of one million
electric vehicles in Poland — WtW (Well-to-Wheel). Calcu-
lations show that the emission equivalent is: for CO, —
3.17-10° kg, SO, — 2.97-10° kg, NO, — 3.01-10° kg, CO —
1.08-10° kg, TSP — 0.18-10° kg. WtW pollutant emission for

electric vehicle was compared with WtW emission for
conventional vehicle, equipped with compression-ignition
engine. It was found that electric vehicle has lower overall
emission of pollutants than conventional vehicle when
considering vehicle operation and the production of fuel or
electricity.

After calculations of the emission related to the charg-
ing of an electric vehicle, the article focuses on determining
the minimum number of EV vehicle charging stations on
the TEN-T road network. It turns out that 60 charging
points located on the main transit routes in Poland are suffi-
cient to efficiently use EV vehicles.

Nomenclature

cO carbon monoxide

CO, carbon dioxide

EV electric vehicle

KOBIZE Krajowy Os$rodek Bilansowania i Zarzadzania
Emisjami

NOy nitrogen oxides

RDE real driving emissions

SO, sulfur dioxide

TEN-T Trans-European Transport Network

TSP Total Suspended Particles

WLTP Worldwide harmonised Light duty vehicle Test
Procedure
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Thermal efficiency investigations on the self-ignition test engine fed
with marine low sulfur diesel fuels

Within the article an issues of implementing the new kinds of marine diesel fuels into ships’ operation was described taking into ac-
count restrictions on the permissible sulphur content introduced by the International Maritime Organization. This is a new situation for
ship owners and fuel producers, which forces the necessity to carry out laboratory research tests on especially adapted engine stands.
How to elaborate the method enabling quality assessment of the self-ignition engine performance, considered in three categories: ener-
gy, emission and reliability, represents the key issue of the organization of such research. In the field of energy research, it is necessary
to know the thermal efficiency of the engine as the basic comparative parameter applied in diagnostic analyzes and syntheses of sequen-
tially tested marine diesel fuels. This type of scientific research has been worked out for two years in the Department of Marine and Land
Power Plants of the Gdansk University of Technology, as a part of the statutory activities conducted in cooperation with the Regional
Fund for Environmental Protection in Gdansk and the LOTOS Group oil company.

This article presents the algorithm and results of thermal efficiency calculations of the Farymann Diesel D10 test engine in the con-
ditions of feeding with various low-sulfur marine diesel fuels: distillation and residual fuels. This parameters stands for one of ten diag-
nostic measures of the ranking of energy and emission quality of newly manufactured marine diesel fuels being built at the Department.

Key words: marine diesel fuels, engine tests, Sankey diagram, thermal efficiency

1. Introduction

In accordance with the IMO (International Maritime
Organization) decision, the permissible sulfur content in
marine diesel fuels is drastically reduced starting with
1 January 2020, from the current maximum of 3.5% to
0.5% per unit masses, for vessels operating in all interna-
tional waters, except for the previously designated Sulfur
Emission Control Area (SECA)' [1, 3]. At the same time, it
is still possible to use high-sulfur marine diesel fuels, pro-
vided that the ship is equipped with an exhaust desulfuriza-
tion system, operating in a closed system, which will guar-
antee reduction of sulfur oxides emission in exhaust gases
of marine engines to the level 6 g/kWh” [1, 2].

Observing a development of new technologies allowing
the reduction of sulfur content in marine diesel fuels or the
reduction of the content of sulfur oxides in engines’ exhaust
gases, it can be concluded that they are primarily focused
on the maximum reduction of production costs, which will
determine their further applicability. When comparing the
prices of low- and high-sulfur marine diesel fuels, it turns
out that having applied traditional technologies, a differ-
ence in the purchase price of 1 tons can reach even 300
dollars, which at the daily consumption of 20-30 tons gives
savings up to 10,000 dollars [6].

In the long term, eg. annual perspective, this is up to
3 million dollars (taking into account necessary downtimes
in the ship’s usage). Then, it is worth considering retrofit-
ting a ship's power plant with the exhausts desulfurization
system, Such investment should pay back after 2-3 years of
the ship’s usage. For this reason, more and more shipown-
ers decide to take such a step, as long as the technical con-
ditions allow it.

On the other hand, intensive technological works are be-
ing undertaken by refine-ries to lower the production costs

! In these zones, from January 1, 2015, the sulfur content in the fuel may
not exceed 0.1% per mass unit.
% The investment costs of such an installation amount to EUR 4—5 million.

of low-sulfur marine diesel fuels, so-called modified fuels.
This type of works additionally require conducting engine
tests, aimed at assessing the energy, emission and reliability
effects of their application. For obvious reasons, prelimi-
nary tests should be carried out in laboratory conditions, on
specially adapted and metered engine test beds, according
to the methodology that allows formulation of the unam-
biguous assessment of their suitability for feeding real ob-
jects, i.e. full-size marine Diesel engines.

This type of research works has been conducted for two
years in the Department of Marine and Land Power Plants
of the Faculty of Ocean Engineering and Ship Technology
at the Gdansk University of Technology [4]. One of the key
issues of this methodology is the assessment of the energy
quality of the tested marine diesel fuels, which is based on
the thermal efficiency of the laboratory engine. Its construc-
tion should be maximally simplified, preferably single-
cylinder, which guarantees high accuracy of calculations of
the transformed energy streams [4, 7, 8].

2. Thermal efficiency of the SI engine

In order to determine the calculation formula for the
thermal efficiency of a single-cylinder Diesel engine, it is
necessary to develop a simplified energy balance of the
working process realised in its cylinder section (Fig. 1).

Within the considerations, it was assumed that the ener-
gy balance equation will be determined for the cylinder
section of the engine bounded by the system boundary,
which stands for the inner surface of the cylinder and there
is no accumulation of the internal energy of the working
medium in the cylinder (its accumulation is negligibly
small). Therefore, the balance equation for the processes
taking place inside the cylinder section has the same form
for the steady and unsteady processes:

H:.xch + B+ ch - H;ir_ quel =0 (D

where: H; ., — enthalpy flux of the exhaust discharged
from the cylinder, P, — indicated power of the engine, Q¢ —
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heat flux transmitted by the thermodynamic medium in the
cylinder section to its walls, HZ;. — enthalpy flux of the air
feeding the cylinder section, Qg,e; — heat flux brought to the

engine with the fuel feeding the cylinder section.

H

exch

Fig. 1. Hypothetical flow diagram of energy flow in the cylinder section of
a single-cylinder Diesel engine

Thermal efficiency represents the basic parameter of
a Diesel engine characterizing the efficiency of its work in
terms of thermal-flow approach, in steady states, i.e. when
the average values of its effective torque, rotational speed
and thermal state are unchanged over time. For these oper-
ating conditions, the average values of energy flows: input
and output from the cylinder section also remain un-
changed. In the simplest approach, thermal efficiency ny,,
constitutes a ratio of the indicated power P, to the energy
flow brought to the engine with the feeding fuel Qg,e and
air HZ;, during one operation cycle:

Pj

N = )

- quel"'H;irpow
In the next steps of calculation, the following are deter-
mined:
A heat flux brought to the engine along with the fuel
feeding the cylinder section:

quel = el * (Ecc "LCV + hfuel'hfuelcc) 3)

where: g, — a mass stream of the fuel feeding the cylin-
der section, determined by the weight method, from the
amount of fuel mg,,; burnt in the engine at a given time,

&.c — a heat release coefficient in the combustion chamber,
taking into account the losses of the heat brought with the
fuel as a consequence of the incomplete combustion, disso-
ciation of the exhaust gases and heat’s penetration to the
cylinder walls (it is estimated that .. takes values from
0.80 to 0.95, depending on the construction and dimensions
of the combustion chamber and the value of the excess-air
ratio), LCV — lower calorific value of the fuel, hg, =
Cpfuel (truer) “ truer — specific enthalpy of the fuel at the
given temperature teye), heyeicc = Cppuer(tee) * tec — specif-
ic enthalpy of the fuel brought to the combustion chamber
(CC) at the temperature inside the CC — t¢c (heat lost to
warm the fuel to the temperature inside the combustion
chamber).

In the first approximation (especially for distillation
fuels, not requiring preheating before delivery to the en-
gine’s combustion chamber), the influence of the fuel en-
thalpy and heat release coefficient in the combustion cham-
ber may be neglected, assuming, in a simplified form, that
the heat flux brought to the engine with the fuel equals the
flux of the fuel’s chemical energy:

Qfuel = Mgy - LCV “4)

The enthalpy flux of the air feeding the cylinder section
may be determined from the following relationship:

Hyip = Mg, - Cpair (t;ir) “air (%)

Due to small alterations of the air temperature at the in-
take of the naturally aspirated test engine, it might be as-
sumed that the specific heat at constant pressure of the air
Cpair 18 constant. In turn, the air mass stream mm,;. in equa-
tion (5) may be determined by using the mutual relations
between the mass stream of the feeding fuel mg,, and the
mass stream of the air flowing into the working space of the
cylinder section rh,;., which are determined with the ex-
cess-air-ratio A:

Majy

A= —Rair 5)

meyerLo

where: L, — theoretical (minimum) air requirement for
burning 1kg of fuel (constant for the given fuel type).

Hence, the mass stream of the feeding air is determined
from the dependence, as follows:

Mair = A Mgy - Lo (6)

The theoretical air requirement for burning 1 kg of fuel
with a known chemical composition expressed by mass
contents of carbon C, hydrogen H, sulfur S and oxygen O is
determined from the equation derived from the stoichio-
metric relations for total and complete combustion reactions
(there is neither fuel nor oxygen in the exhaust) [7, 8]. After
appropriate transformations, it takes the form in which L is
expressed in kg of air per kg of fuel:

——(2c+8H+5-0)

_ kg air
° 7 0,232

(N

kg fuel

The above equations show that in order to calculate a
thermal efficiency of the test engine, the measuring system
should be designed in such a way to make possible deter-
mining: the engine’s indicated power, the excess-air-ratio,
temperatures of the feeding air and fuel as well as the fuel
consumption in the adjusted, representative steady load
condition. It is also necessary to know the basic chemical
composition of the fuel and its calorific value [1].

3. Measurement results and their analysis

In order to investigate the effectiveness of the proposed
method for determining a thermal efficiency of the test SI
engine, experimental research was carried out on the Fary-
mann Diesel engine of D10 type fed with six different ma-
rine diesel fuels. No adjustments were made to the engine
injection system while introducing a new type of the fuel.

In the first stage of the research, the elementary chemi-
cal composition and lower calorific value of the tested fuels
were determined — Table 1.
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In the next stage of the research, the measurements of
engine control parameters were carried out in accordance
with the developed methodology — Fig. 2 [4]. As can be
easily noticed from the presented scheme of recording and
processing the measurement signals, in the engine tests of a
new type of marine fuels, highly specialized measuring
equipment was applied — stationary as well as portable,
which allows precise observation of the engine’s working
and associated (residual) processes in steady and unsteady
(transient) states.

In order to determine a thermal efficiency of the test en-
gine, the following parameters were registered, simultane-
ously:

— rotational speed (angular position in °CSR) of the en-
gine’s crankshaft — n (measurement accuracy +0.1%,
sampling period — 0.5 ms),

— indicated pressure — p. (measurement accuracy 3%,
sampling period — 15 ps, every 1°CSR),

— fuel consumption — myge (mMeasurement accuracy
+0.2%, sampling period — 12.5 ms),

— fuel temperature — tg. (measurement accuracy +2%,
sampling period — 93.75 ms),

— consumption (by evaporation) of the cooling water — m,,
(measurement accuracy +0.2%, sampling period — 12.5 ms),

— cooling water temperature — t,, (measurement accuracy
+2%, sampling period — 93.75 ms),

— lubricating oil temperature — t,; (accuracy of +2%, sam-
pling period — 93.75 ms),

— exhaust temperature texen (IMeEasurement accuracy
*+1%, sampling period — 0.1 ms),

— load current of the generator (armature) — I, (meas-

urement accuracy *1.5%, sampling period — 0.1 ms),

— voltage at the terminals of generator’s armature — Uy

(measurement accuracy +1.5%, sampling period — 0.1 ms),

— excess-air-ratio — A (measurement accuracy =1.0%,

sampling period — 2 s),

— temperature of the test engine’s external surfaces (ther-

mogram) — ty (measurement accuracy *1.5%, sampling
period — 0.1 ms),

— vibration acceleration (with SV80 converter) a, (meas-

urement accuracy +0.1%, sampling period — 20 ps).

Table. 1. Basic physicochemical properties and chemical composition of
the tested marine diesel fuels: distillation (PD) and residual (PP)

PARAMETER PDI PP2 PP3 PP4 PD5 PP6
Cetane number(dist.) 57,2 747 755 750 51 791
/ CCAI (Calculated Carbon

Aromaticity Index) (resid.)

Density in w 15°C, kg/m’ 827,1 884,5 872,7 | 8787 820 885
Kinematic viscosity in 40°C 2,99 308 77.83 165,30 2,37 16,48
(dist.) / 50°C (resid.), mm?*/s

Flashpoint temperaturg in a 61,5 270 88 107 56 102
closed cup in °C

The content of carbon 8626 | 86,10 86,14 86,12 86,63 86,54
[%m/m]

The content of hydrogen 11,10 11,90 11,72 11,80 11,20 11,75
[%m/m]

The content of nitrogen 0,05 0,02 0,027 0,02 0,04 0,02
[%m/m]

The content of sulfur 0,09 0,01 0,028 0,01 0,0008 0,10
[%m/m]

Lower Calorific Value 4323 43,08 43,04 4320 42,70 42,44
[MJ/kg]

Fig. 2. Schematic diagram of the research test bed with measurement signal conditioning and recording system: D — single-cylinder Farymann Diesel D10
engine; BT — belt transmission (multiplier: transmission ratio i=0,426); G — direct current generator; H — heating system
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Energy profiles’ investigations of the laboratory engine
fed with various types of marine diesel fuels may be carried
out after reaching the determined thermal state of its struc-
tural design. It means that the cooling system "keeps up"
with the receiving heat streams from the elements of the
piston-cylinder group, which directly take off the heat re-
leased in the fuel combustion process worked out in the
combustion chamber. The greater the temperature differ-
ence between the working medium and the walls limiting
the combustion chamber, the greater the energy flow re-
leased as a result of fuel combustion is lost for warming the
engine's construction elements. For this reason, before
measuring the parameters of the working process, the en-
gine should be wormed up, leading it to the state of thermal
stabilization, in which the values of structural clearances
and lubricating oil viscosities will be nominal. It is neces-
sary to avoid then engine’s long-term unloaded operation,
at low rotational speeds, because in such conditions, the
process of fuel atomisation and combustion occurs, in this
case — incomplete, favouring a deposit formation in the
engine’s working spaces and in the exhaust passages as
well as an increase in emissions of harmful and toxic chem-
ical compounds in the engine’s exhaust (especially carbon
monoxide).

Within the experimental research program, whose main
aim is to perform comparative analysis of the tested marine
diesel fuels in terms of their energy quality, a registration of
the control parameters is carried out in three/four measure-
ment sequences (if the performed on-line preliminary anal-
ysis of the engine control parameters’ measurement uncer-
tainty, in particular, fuel consumption, does not indicate the

presence of gross errors, the number of measurement se-
quences is limited to three), in one, always the same (refer-
ence) state of the determined engine load. Before each
measurement sequence, which lasts exactly 20 minutes, the
amounts of fuel and cooling water are made up to the estab-
lished initial levels in the tanks. By this way, the influence
of external disturbances (fixed thermal, flow, dynamic state
of the engine, etc.) was minimized. Furthermore, an effec-
tiveness of the observations of the engine functioning in-
creases (the smallest parametrical anomalies are captured),
as well as high repeatability of the recorded measurement
results is achieved. Their mathematical processing is car-
ried out according to the computational algorithm presented
in the second point of the article. Final results of thermal
efficiency calculations of the test engine are summarized in
Table 2.

However, their graphical interpretation, in the form of
an extended Sankey diagram, made for the whole propul-
sion unit fed with one of the tested fuels, is presented in
Fig. 3 [4]. It includes, in addition to the heat flux emitted by
the engine’s hull to the surrounding Qg,,, and the heat flux
through the water in the water in the tank Q,,, also the me-
chanical losses in the propulsion unit P,,, the engine’s ef-
fective power Pe, which is equal to the generator's propul-
sion power Pgp and a stream of the residual heat Q, , which
stands for energy losses not included in the balance (e.g.
a fluxes of acoustic and mechanical vibration energy from
the thermal-flow and mechanical system of the entire pro-
pulsion unit: engine-multiplier-generator).

Table 2. Calculated values of the engine’s thermal efficiency characterizing the energy quality of the tested marine diesel fuels

Marine diesel fuel

N [%]

PD1
58.75

PP2
58.58

PP3
59.06

PP4
58.80

PD5
61.79

PP6
60.07

Range
3.31

N.;,=60,07%

Qr= 0,20kJ/s

qur

B oixs

Fig. 3. A stream graph of the energy flow within the Farymann Diesel D10 engine propulsion unit fed with low-sulfur marine diesel fuel PP6

Qw

H exch
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4. Remarks and final conclusions

The following general conclusions can be formulated on

the basis of the results obtained:

The proposed configuration of the measurement signals
and processing system of the single-cylinder test engine
makes it possible to determine its thermal efficiency, as
the basic indicator of the energy quality assessment of
newly implemented, modified marine diesel fuels;

The fuel type alteration has a significant impact on
a thermal efficiency of the engine. The value of its
range for six tested marine fuels was 3.21%, which in-
dicates a significant diagnostic sensitivity of this para-
meter.

A higher calorific value of the fuel feed does not trans-
late directly to the increased thermal efficiency of the
engine.

An impact of various marine diesel fuels on the energy
state of the test engine, in the sense of its performance
and efficiency, is a complex phenomenon. For this rea-
son, it is necessary to significantly expand the set of
diagnostic parameters, which are able, after appropriate
normalisation, fulfill the role of a stimulant, destimulant
and nominate, determining the energy quality assess-
ment of the considered marine fuels. This will enable
a construction of the ranking, in which they will be ad-
justed in the order from "the best" to " the worst" one
according to the determined values of the synthetic (ag-
gregate) variable [4, 5].
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The analysis of vibrations of gasoline and diesel vehicles as a function
of their engine sizes

This paper presents a study of vibrations appearing in a vehicle in the process of its operation. The authors describe the primary
source of the vibrations and their propagation in the entire structure. The observations were performed on the passenger cars with vari-
ous gasoline and diesel engines. The aim was to examine the level of damping factor in the different locations in the car, precisely speci-
fied for the purpose of this studies. The secondary goal was to develop an effective method of obtaining and analyzing signals generated
during the engine operation. The chosen instrument was Laser Doppler Vibrometer (LDV), which is used as the non-intrusive measure-
ment utensil to detect velocity variations in designated places. The signals are gathered and collected as group of sinusoidal characteris-
tics in the time domain. In order to achieve specific information about every component of the original signal, the authors apply Fast
Fourier Transform (FFT) as the analyzing method. It allows to distinct the basic sinusoidal characteristics in the frequency domain
through the spectral analysis. Based on the results, the authors are able to distinguish the dominant modes from the complex signal and

indicate their impact on the car.

Key words: vehicle, vibration, engine, Fourier, vibrometer

1. Introduction

The non-invasive diagnostic are always the most prefer-
able measurement methods in order to recognize current
condition of the examined object, especially when there is
no access to multiple, similar items and it is not allowed to
damage the integrity of one’s parts. Considering these re-
quirements, it is always a challenge to perform valid and
detailed measurements. Taking this into account, the certain
collection of prerequisites has to be fulfilled:

— understanding the theoretical basics of the measure-
ments,

— proper interpretation of the results,

— consideration of the outside disturbances.

One of the information we can obtain from various ob-
jects is mechanical vibration. It is a phenomenon where
kinetic energy is converted into potential energy and vice
versa until the causing force ceases [1]. The complexity of
measurements depends on numbers of degrees of freedom
(DOF). In this particular case, the engine as well as the
entire car structure has a huge number of the DOF. In order
to simplify the calculations, the whole system is represented
by deformable constraints, material particles and rigid bod-
ies, depending on the size of the object. The standard ap-
proach is to assume the system as continuous, where the
number of the DOF is determined. It allows to use integral
equations for this calculations, instead of differential ones
for discretization [2].

The purpose of this research was to verify the genera-
tion of the vibrations and its dependence on the engine size,
type of fuel and optional supercharging.

2. Measurements

2.1. Investigated objects

The tests were performed on the three, new Fiat Bravo
Model 198 cars: 54A, 54G and 54W with respectively en-
gines: gasoline 1.4BZ 90CV CD, gasoline supercharged
1.4BZ 120CV CD and diesel supercharged 1.6 105CV CD.
The engines were mounted crosswise. Their supports func-

tion as a structural connection between drive unit and the
car body. Each support has a mount with rubber to mini-
malize the transmission of the driving vibrations generated
by the engine and spread into the entire structure [3].

Table 1. Engines specification [4]

Engine type
1.4BZ 90CV 1.4BZ 120CV 1.6 105CV CD
CD CD
Engine
capacity 1368 1368 1598
[cm3]
Power [HP] 90 120 105
Engn}e Front crosswise | Front crosswise | Front crosswise
mounting
Number of 4 4 4
cylinders
Number of
valves per 4 4 4
cylinder
Type of OHC OHC DOHC
camshaft

Fig. 1. Elements for mounting examined object (1 — flexible connector on

timing gear side, 2 — rigid support on timing gear side, 3 — flexible con-

nector on gearbox side, 4 — rigid support on gearbox side, 5 — reaction rod

on differential gear side, 6 — rod fixing support on differential mechanism
side) [3]
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2.2. Measurement system

One of the non-invasive measurement method is laser
vibrometry. In this research the system was based on Laser
Doppler Vibrometer (LDV). It utilizes the Doppler effect,
which is the change of length of the wave in relation to an
observer who is moving relatively to the source. The laser
head is both transmitting and receiving device. The laser
beam comes out and returns to the head after reflection
from the surface. This method allows to obtain velocity and
relative displacement of moving objects [2].

The measuring system consists of a Polytec PSV 1 400
head, a OFV 5000 controller and a PSV W 400 supervision
and acquisition device [5, 6].

During the measurements the cars were standing on
their wheels. The crankshafts were rotated to the speed of
2000 min.” in neutral gear. The test rig was positioned to
measure the vertical-vector of the vibrations. Additional
mirror was set to direct the laser beam (Fig. 2).

The authors selected two measurements points (Fig. 3,
4) on the unsprung mass to verify the difference of the
detected vibrations.

Fig. 2. Test rig (1 — laser head, 2 — mirror, 3 — measurement point on the
engine mount)

Fig. 3. Measurement point on the engine mount

Fig. 4. Measurement point on the door handle

3. Results

The measurements are presented in the diagrams below.
The vibrations were registered as the time courses of ve-
locities and spectra in the frequency domain after Fast Fou-
rier Transform [7]. The waveforms were recorded for the
2 seconds and with the 2048 Hz sampling frequency. This
time period was chosen as adequate to recognize the char-
acteristic of stationary/non-stationary type of signal. At the
same time, with such sampling frequency, it allowed to
receive large amount of measurement samples as sufficient
to perform the FFT.

Fig. 5. Time course of the engine mount measurement point on the 1.4BZ
90CV CD engine

Fig. 6. Frequency spectrum of the engine mount measurement point on the
1.4BZ 90CV CD engine
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Fig. 7. Time course of the door handle point on the 1.4BZ 90CV CD

Fig. 8. Spectrum of the door handle point on the 1.4BZ 90CV CD

Fig. 9. Time course of the engine mount point on the 1.4BZ 120CV CD

Fig. 10. Spectrum of the engine mount point on the 1.4BZ 120CV CD

Fig. 11. Time course of the door handle point on the 1.4BZ 120CV CD

Fig. 12. Spectrum of the door handle point on the 1.4BZ 120CV CD

Fig. 13. Time course of the engine mount point on the 1.6 105CV CD

Fig. 14. Spectrum of the engine mount point on the 1.6 105CV CD

Fig. 15. Time course of the door handle point on the 1.6 105CV CD

Fig. 16. Spectrum of the door handle point on the 1.6 105CV CD
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Table 2. Vibration velocities and magnitudes

[n\ll:x]la/xs] [m\:xz;s] Magnitude
9 = 1.4BZ 90CV CD 0.077 0.000087 0.08
50 2| 1.4BZ120CV CD 0.086 0.000084 0.121
= E 1.6 105CV CD 0.084 -0.00023 0.118
L@ 1.4BZ 90CV CD 0.000092 | -0.000000047 0.000049
Qg -(% 1.4BZ 120CV CD 0.00014 -0.0000034 0.00017
= 1.6 105CV CD 0.00036 —-0.0000023 0.00048

Based on the results, the authors were able to distinguish
the damping ability of the vibrations transfer in the structure
of the cars. The Fast Fourier Transform displayed the spec-
trum with the harmonic frequencies in every measurement
run. The maximal values of those harmonics were most sig-
nificant in the recorded signals. Comparing spectra after
measurements in the first and second point, the authors could
calculate the created for this purpose damping coefficient,
which indicates what the efficiency of the damping parts was.

The coefficient was calculated as follows:

magnitude value from first measured point

c= ey

magnitude value from second measured point

Table 3. Damping coefficient

4. Conclusions

The vibrations as signals generated by the engine have
stationary characteristic. This allows to perform Fast Fouri-
er Transform and obtain harmonic spectrum.

The tendency of the maximum velocities increases with
the engines with higher capacities and equipped with super-
charger. Simultaneously, the tendency of the average veloc-
ities decreases.

In the gasoline engine, the damping phenomenon is
lower in the car with more powerful engine with super-
charger. The least damped vehicle structure is supercharged
Diesel engine with the highest engine capacity.

The supercharger increases overall vibration level prop-
agated in the entire structure of unsprung mass.

The damping of the mounting system is highly effective.

The spectra present that the highest frequency magni-
tude occur in the low range, similarly in every case and
independently of the size and type of engine.

Based on the results, the authors would like to continue
the research of such subject in broader range.

It would be intentional to focus on higher number of ve-
hicle of different brands, engine sizes, body types, mileage
and production year.

Research financed from Wroclaw University of Science and

Engine c Acknowledgements
1.4BZ 90CV CD 1633
1.4BZ 120CV CD 712 Technology statutory funds no. 0401/003/18.
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LDV  laser doppler vibrometer OHC  overhead camsahft
FFT Fast Fourier Transform DOHC double overhead camshaft
DOF  degrees of freedom HP horse power
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Application of the Monte Carlo method in the calculation procedure of the internal
combustion engine

The aim of the work is to check the possibility of applying the Monte Carlo method to the calculation procedure of internal combus-
tion engines. This has been accomplished by modifying existing algorithms in such a way that the variables responsible for the main
parameters of the engine are selected in a random manner using Solver written in Microsoft Excel. It turns out that this method can
actually be implied, however, it has some limitations related to the high complexity of calculations.

Key words: internal combustion engine, Monte Carlo method, compression ignition engine, calculations

1. Introduction

The Monte Carlo method is one of the most popular
methods of process modeling, mainly due to the ease of its
application and the speed of obtaining results. Its areas of
application include, among others, such areas as mass ser-
vice systems, quality control and reliability, physics, chem-
istry, or even the real estate market. Among the above,
mechanics and issues related to internal combustion engines
are very rare, and it is a pity.

The Monte Carlo technique is a way to make a mathe-
matical model of too complex processes, that is, the de-
scription of which would take too much time, or is simply
impossible, due to the nature of the problem. The basis for
this technique is the random selection of certain quantities
that are responsible for the course of a given process. The
accuracy of the results obtained depends on the number of
attempts (but not always) and the quality of the pseudo-
random number generator used, of course assuming that the
draw takes place in accordance with a known distribution.
Exploring the secrets of the mentioned method is very im-
portant in times of dynamic development, because it can
enable us to "draw" a motor or another device with given
parameters in just a few moments.

It would seem that we are slowly entering the era of elec-
tric vehicles, and internal combustion engines will lose their
popularity in the coming years, but in reality there are a few
issues with switching to fully electric means of transport.
First of which is that a significant part of the world does not
have infrastructure in the form of charging stations, and the
amount of electricity produced is far from being needed to
supply a huge amount of electric means of transport. Another
difficulty is that the batteries weigh quite a lot these days and
for example manufacturing a lorry that would have sufficient
range would be neither possible nor profitable given the
amount of batteries that would have to be used. All comes
down to the energy equation, adding weight to any given
vehicle makes it use more energy to move, and so far electric
cars weigh undeniably more that their petrol powered coun-
terparts. This leads to the issue of growing popularity of
hybrid vehicles. In this case, the combustion engine usually
works at a constant speed and load, and the energy it produc-
es is used to charge the batteries, which power the electric
motors, the main source of the drive. Such a scenario is per-
fect for the Monte Carlo method since it significantly simpli-

fies calculations because the full range of rotational speeds
and loads is not taken into account.

2. Implementation of work

2.1. Calculation procedure

The work is based largely on a computational program,
written using Microsoft Excel, for compression ignition
engines. The algorithms are relatively new, while the rang-
es of variable values have already been several or a dozen
years old at the time of writing the program, so you can say
that today they are not fully current data. For this reason, in
the further part of the work, the impact of the change in the
scope of these coefficients was checked.

Each of the sheets refers to a separate engine work phase,
or related issues. The program consists of over 90 sheets,
starting from pressures and temperatures in the processes of
suction, compression, combustion and exhaust, going
through the main geometric parameters, such as piston stroke
and its diameter, all kinds of stresses and moments, to all the
necessary details such as the dimensions of the crank head
and foot or the entire geometry of the crankshaft. In this
work, all attention is focused on the first few sheets of the
program, and its goal is to generate an engine that consumes
as much air as possible while taking the least fuel.

2.2. Modification of the program

To successfully prepare the program for the implemen-
tation of the Monte Carlo method, the first part of the pro-
gram was imported to a single sheet, where it is easier to
organize and modify all data. Then, after writing correctly
functioning calculation algorithms, it was necessary to
group and describe all variables, constants and results of
calculations occurring in the tested part of the file. The
result is a division into three groups (Tables 1-3).

A) Variables

This group includes all coefficients that will be random-
ly drawn by the generator, their values are chosen random-
ly, and the only condition is that they fit into particular
ranges for each variable. In the initial phase of writing and
modifying the program, there were fears that the compart-
ments in which the above-mentioned coefficients lie are
outdated, because they were determined several years ago.
In order to check the above theory, each of the ranges of
values was extended by about 10 to 25 percent, which un-
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fortunately did not affect the final result in any way. This
means that the problem is more complex and you should
check all possible configurations of changes, that is, change
the ranges of one, several or each of the above coefficients,
in all possible ways. Unfortunately, in a program such as
Microsoft Excel, using only Solver would be too time-
consuming, and it is not known whether the results obtained
would be satisfactory.

Table 1.Variables and ranges of their values

Variables
Symbol Name Range Unit
/], _|Fill factor 0.7-09
& Compression degree 13 - 26
AT The temperature increase of the charge flowing into the
cylinder, caused by hot walls 10-25 K
p Exhaust gas pressure 0.105-0.12 | MPa
T The temperature of the residual fumes 600 - 1000 K
g Exponent of polystyrene complression 1.27 - 1.38
WU The caloryfic value of fuel 36 - 44 MJ/kg
¢ Coefficient of heat utilization 0.7-0.9
Xir Adiabatic exponent 1.27-1.29
m, Expansion exponent 1.18- 1.3
4 theoretical volume of the stroke, suction and outlet loops 0.92 - 0.97
/1, |Mechanical efficiency of the engine 0.7- 0.9

B) Constants

In this category, all constants taking part in the calcula-
tion process are included. The coefficient of excess air is in
fact a variable value, however, it depends on the degree of
pressure increase, so it can not be a random number, there-
fore some simplification was applied and the values closest
to the average were selected.

Table 2. Constants and their values

Constans

Symbol _|Name Value Unit
Do Ambient pressure 0.10 MPa
T Ambient temperature K
A Coefficient of excess air 1.40
M The theoretical ambient of air needed to burn of 1kg of fuel 14.41 kg
a The degree of pressure increase 1.90

C) Results

The last group contains all the values resulting from the
random matching of variables in interaction with constants,
this group defines to us whether the Monte Carlo method
makes sense, because on the basis of these results we can
determine if output values are achievable using today's
technology.

Table 3. The results of subsequent actions on constants and variables

Results
Symbol |Name Unit
P Pressure of the end of charging MPa
h The temperature of the end of charging K
)23 Pressure of the end of compression MPa
Tz The temperatuure of the end of compression K
Yo The specific volume of the ambient air m
3 The volume of the compresssion chamber m
Pimx Maximum of combustion pressure MPa
B | Volume growth factor
V4 Gas volume at the theortical end of combustion m
Ps Pressure at the end of expansion MPa
E, Degree of expansion
P = |Theoretical average of the induiicated pressure MPa
Pi Average indicated pressure MPa
Pi Average usefull pressure MPa
Vs The stroke volume needed to burn of 1 kg of fuel m’

2.3. Solver

Having already divided and grouped data, it is possible
to move on to the most important element of the created
program, namely the Solver add-in available in Excel.
Thanks to this application, a subroutine has been written
which will select random coefficients from the variable
category based on a given result. In this case, the result is
Vs, i.e. the stroke volume needed to burn 1 kg of fuel. This
number should be as high as possible, because the goal is to
use as much air and as little fuel as possible. In the Solver
addition, the final cell has been selected and given a certain
value (in this case it is Vs = maximum, marked in red, Fig.
1). Then all the restrictions are added (marked in yellow,
Fig. 1), these are the ranges in which the variables contain.
After determining the boundary conditions, the entire algo-
rithm is being completed for all intermediate results, i.e. the
remaining elements from the third group, because the final
result depends on them, and they depend on the variables.
The last step is to choose the solving method (marked in
green, Fig. 1), Due to the high complexity of the problem,
the evolutionary method was chosen.

Fig. 1. View of the Solver add-in (print screen in polish)

2.4. An example of implementing the Monte Carlo
method

After saving all algorithms and checking the operation
of the program together with Solver, an exemplary applica-
tion of the Monte Carlo method was developed. First step
was finding the scope from the minimum to maximum
value of Vs. Having found it, a certain value was chosen as
the target, it was of course within the range from minimum
to maximum, for example 0.023 m’. Further calculations
were carried out, and Table 4. presents the coefficients
obtained. Of course, finding a certain Vs is just one of the
many possibilities of Solver, the operator of the program
chooses which values will be drawn, and thus what the
operation of the additive will be based on. The goal may be
any element from the Results column, or even a different,
more advanced indicator, however it will require extending
the application with a further series of data. Another im-
portant factor is that the ranges in which coefficients are
included are outdated, this means they should be updated
before developing the program any further. Unfortunately
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this was not possible using Solver, because random changes
in scopes would not provide valuable results, the issue of
the ranges should be considered individually from scratch.
However, the main purpose is to show the possibilities of
applying the Monte Carlo method, accuracy of the results is
in this case a secondary matter. The more expanded the
program, the larger the area of application can be covered,
it is possible to write a program that will “draw” the entire
engine, including the geometry.

Table 4. Values of the variables and results for Vs = 0.023 m®

Variables Constants Results
1, 0.70] P 010 P 0.08
£ 1829 T, 298000 T 325.58
AT 1055 A 140 P2 4.11
D, 012l M, ma| T 974.20)
T 768.75] @ 190, % 0.86)
mg 138 | 100, V& 1.43
W, 38.90) P 7.81
4 0.77 Ji] 1.23
Xer 1.28 v, 1.75)
m, 1.19 Ds 031
v 0.93 £, 14.93
M 0.77 P= 0.85)
P; 0.75
Pi 0.58
Vs 24.65

Having a certain value of Vs and all other coefficients,
last thing left to do to get the outline of the indicator graph
is to determine the basic parameters defining the engine,
such as engine power, number of cylinders, rotational speed
or fuel consumption. Of course, also these values can be
freely modified, depending on the needs. After setting these
parameters, the result of the calculation was generated in
the form of the main points of the indicator chart, referring
to the maximum and minimum pressures, volumes and
temperatures in the engine's work cycle. Based on them, it
is possible to predict the course of these parameters and
draw a graph showing the way this engine works.

Table 5. Results of the calculation, main points of the indicator chart

Variable cm’® |Variable Mpa | Variable K c
Vi= 830.97| Pl= 0.08] Ti= 322.01 48.86
V2= 32.50| P2= 5.07] T2= 801.51] 528.36
V3= 32.50] P3= 9.64| T3= 1521.75] 1248.60
V4= 46.02| P4= 9.64| T4= 2154.78| 1881.63
V5= 830.97| P5= 025 T5= 947.12|  673.97
V6= 830.97| P6= 0.11
V7= 32.50] P7= 0.11

The above illustration shows the 7 most important val-
ues of volume and pressures and 5 temperatures. For vol-
ume, they are the maximum cylinder volume at the end of
charging and expansion (Vi, Ve, V7), then at the end of
compression (V2, V3, V7), and the volume at the theoretical

end of combustion (V4). On the other hand, the pressures
are distinguished as the end of charging pressure (p1), dur-
ing compression (p2), the maximum combustion pressure
(p3, p4), expansion (ps) and exhaust gas pressure (ps, p7).

Temperatures in turn result from increases in volume as
well as pressures and the shape of the compression and
expansion curves. The first one is the temperature at the end
of charging (T1), then the compression (T2). T3 is the result
of multiplying the previous one (T2) by the degree of pres-
sure increase (a), T4 in turn is equal to T3 times the volume
increase factor. The last of the temperatures (Ts) also in-
cludes the exponent of the expansion, which determines
how much a drop in temperature after the combustion pro-
cess is achieved.

3. Conclusions

The main purpose of the work was to check the possibil-
ity of applying the Monte Carlo method to the calculation
of internal combustion engines, in this case the self-ignition
engine. From the above, it can be seen that this method is
possible and, moreover, relatively easy to apply.

Although the results obtained are not sufficient to design
the entire engine, including geometry, they help determine
what should be guided in the design and construction pro-
cess. It was also found that the Monte Carlo technique has an
incredibly wide range of applications and should be consist-
ently implemented in more and more fields of science. A
huge plus of this method, despite the low accuracy of results,
is that in a very short time we get some results that shape the
view of the rest of the problem. It is much easier to carry out
further research knowing what it is aiming for and having
already this initial "piece of success".

Returning to the engines, if the decision was made to
design the motor based on the known method, the focus
should be on maximizing the program, taking into account
forces and stresses, as well as the entire geometry. Of
course, not all variables can be simply set on the level
drawn, most of them depend on many other factors that
should be known first. Only when we know how to influ-
ence such values as exhaust gas pressure or the exponent of
pressure polystyrene and many others, we will find out
whether it is worth striving for those determined on the
basis of a draw, or perhaps it would be better to sometimes
use a classic calculation model. After finding the golden
mean, between the Monte Carlo method and the analytical
approach, we get a calculation program for internal com-
bustion engines, combining satisfactory speed of calcula-
tion and sufficient accuracy of results.
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Thermodynamic modeling of combustion process of the internal combustion
engines — an overview

The mathematical description of combustion process in the internal combustion engines is a very difficult task, due to the variety of
phenomena that occurring in the engine from the moment when the fuel-air mixture ignites up to the moment when intake and exhaust
valves beginning open. Modeling of the combustion process plays an important role in the engine simulation, which allows to predict in-
cylinder pressure during the combustion, engine performance and environmental impact with high accuracy. The toxic emissions, which
appears as a result of fuels combustion, are one of the main environmental problem and as a result the air pollutant regulations are
increasingly stringent, what makes the investigation of the combustion process to be a relevant task.

Key words: thermodynamic combustion model, internal combustion engine, convective heat transfer coefficient, Wiebe burning law,

single-zone model, two-zone model, heat transfer submodel

1. Introduction

The combustion process in the internal combustion
engines is a chemical reaction between the fuel and
oxidant, with the emission of heat and light. Explosive
combustion in a closed volume is one of the most
complex and complicated phenomena that are mo-
deled mathematically. The aim of the combustion pro-
cess modeling is to determine operational parameters
and the impact from the engine to the environment.

Increasing of the stringent regulations [6-8] that
are aimed to lowering toxic emissions during the ICE
combustion process with simultaneously maintaining
the high efficiency of engine operation conditions and
lowering the fuel consumption, provides to continuous
investments, related with the engine development.

Computer modeling and simulation are important
tools that are used for obtaining optimal engine de-
signs and allowing significantly reduce time and cost
constraint, that are needed for making modifications
in existing and/or creating new design solutions of
ICE. The existing computational methods and com-
puter programs that are most commonly used for
modeling processes that are occurring inside ICE can
be divided into two main categories: thermodynamic
models (the whole cylinder is considered as one cell.
For this cell applies the mass, the energy and the state
balance equations) and Computational Fluid Dynamic
(CFD) models (engine elements are divided into
a high number (hundreds of thousands) of three-di-
mensional cells and for each of them solved the sys-
tems of energy, mass, momentum and state balance
equations. This model provides three-dimensional
modeling of gas flow and fuel injection into cylinder
and/or engine manifold, turbulent mixing of fuel with
air, evaporation of fuel-air mixture, ignition and com-
bustion processes. However, this leads to a higher
computational time and requires a lot of computing
power from the computers). CFD models are most

commonly used when the detailed analysis of phe-
nomena that is occurring inside the cylinder during
combustion is needed.

Thermodynamic combustion models (TCM) cannot
provide analysis with same prediction as CFD. Howe-
ver, TCM are able to predict the combustion process
under various engine operating conditions with the
required level of accuracy, which is confirmed by many
researchers (examples are given in the section below).
Based on the number of zones into which the cylinder
volume can be divided, thermodynamic models can be
classified into three subgroups: single-zone model,
two-zone model and multi-zone model.

The choice of the calculation method (CFD or
TCM) is based on the main aim of modeling and si-
mulation. However, the thermodynamic models are
more attractive, due to lower computational complica-
tions and time needed for the calculating of the com-
bustion process. In the case of complex mathematical
models, most often used a combination of TCM and
CFD methods, for examples the firms which are leaders
in calculating engine parameters such, as RICARDO
WAVE [24] and AVL BOOST [1] provide the ability
to simulate a TCM with combination of CFD model
(used to describe the gas flow in three dimensions
inside the intake and exhaust manifolds [5, 11, 12]).
Due to the fact, that the 3D mesh is limited to specific
elements of the intake and/or exhaust manifolds, this
allows to minimize the unavoidable increases of the
time consuming during the calculation of the engine
operating parameters associated with using of CFD
models.

This paper discusses the selected issues that are
most often described when a single-zone or a two-
zone thermodynamic combustion model is using.

Multi-zone thermodynamic models in this paper
are presented only as a brief overview, because the
overview of this models requires individual paper to
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describe all features and properties. This models are
quite accurately described in [3, 10, 16, 30].

2. Thermodynamic model

In the TCM the internal combustion engine is rep-
resented as an open thermodynamic system (single-
zone model) or a combination of several thermody-
namic systems (two- or multi- zone model).

The fast pressure equalization speed in the relative-
ly small volume (engine cylinder) expect that the
pressure inside the cylinder depends on time (t) or
crankshaft angle (¢) (Eq. 1) and does not depend on X,
y, z coordinates [16], therefore, the thermodynamic
model is considered as a zero-dimensional model

p=olt (1)

According to the assumptions above, it can be con-
cluded that TCM - is used for energy analysis of the
combustion process in the entire volume of the ICE
cylinder and solves the issues in which can be as-
sumed that the gas parameters are independent of
coordinates and depend only on the time (or crank-
shaft angle), also the usage of TCM allows to analyze
toxic emission during the combustion process.

In terms of CFD, the TCM represent the entire cyl-
inder as one cell for which are applied the equations
of mass, energy and state balance.

Thermodynamic models are used to solve two
main issues:

1. Direct issue. Determination of the pressure
change inside the cylinder as a function of the crank-
shaft angle p(p), based on the previously defined
amount of energy released during the combustion of
the fuel charge Q.(¢) and heat transfer through the
walls Qyu (o).

2. Reverse issue. Determination the amount of heat
energy generated during the combustion of the fuel
charge Q.(¢), based on the previously defined pres-
sure inside the cylinder p(¢), which obtained from
experimental data or from the computer simulation.
Also needed to define heat transfer through the walls
Qu(), if only one pressure is defined than can be
determined only amount of total heat dQ, according to
Eq. 2

dQ=dQ, —-dQ, 2

In order to create TCM, must be solved three equa-
tions which are depending on the TCM type.

General equations:

1. The first law of thermodynamics used to de-
scribe the processes occurring in the combustion
chamber consists in the fact that the change of internal
energy in the cylinder is equal to the sum of the work
of the piston, the amount of heat and enthalpy in- or
out-flowing gas (Eq. 3).

The first law of thermodynamics for the ICE can
be defined as

dU =d(ulm)=dQ -dW +dH (3)
2. The ideal gas law
pV =mRT 4)
3. Mass conservation law
dm =Y dm; 5)

2.1. TCM basic assumptions

Regardless to the model type, the basic assump-
tions are the same (differences in model assumptions
presented in the relevant parts of this paper):

a) The thermodynamic parameters and composi-
tion of the working medium at any moments are ho-
mogeneous and stoichiometric and changing only with
the crankshaft angle or time.

b) The initial temperature conditions are calcula-
ted by means of the perfect gas equation based on the
measured pressure, mass of the mixture that is entered
into the combustion chamber and the volume of the
combustion chamber. The mass of air is measured by
using a MAP (manifold absolute pressure) or MAF
(mass air flow) sensor, the mass of the fuel is calcu-
lated by using a measured air-fuel ratio

m - 0 4 [MWair

AFR = —4r
Mgye) 0 gye) [Mquel

(6)

¢) Blow-by mass (mgg) of the air to fuel mixture is
so small compared to the other masses that are taken
into account in the mass conservation law calculation.
In the simplest TCM the air to fuel mixture losses by
leakage in the piston rings and valves does not taken
into account. Of course, depending on the model re-
quirements, the blow-by mass could be taken into
account (Eq. 31 and Eq. 32).

d) The heat transfer area is limited by the cylinder
head, the top surface of the piston and the cylinder
wall.

3. Thermodynamic submodels

3.1. Thermodynamic properties

To estimate the thermodynamic properties of the
gas (variations of specific heat, enthalpy and entropy
with temperature) in the cylinder as a function of tem-
perature can be calculated by the well known linear or
polynomial Eq. 7, Eq. 8 and Eq. 9, based on the poly-
nomial tables of JANAF.

Instantaneous gas properties are calculated by the
simultaneous numerical integration of differential
equations

Cpi(T):R(a1+a2T+a3T2 +a4T3+a5T4) 91 (7

28
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T, T2 T? T a
hpi(T):R[a1+a22+a33+a44+a55+;J [9] (8)

S(T)ZR[&[1 DnT+a2T+a3T2+a4T3+asT4+a7J 91 9
2 3 4

3.2. The cylinder volume submodel

The total cylinder volume (V(¢)) is the sum of the
volumes of the combustion chamber (V.) and the cy-
linder volume (V;), and depends on the instantaneous
position of the piston. The Eq. 10 is based on the ki-
nematic and kinetic of crankshaft as shown in Fig. 1,
and can be written as

V(g)=V.+V,(9) (10)
The combustion chamber volume
v, = Vs (11)
e—1

The instantaneous volume of the cylinder can be
calculated on a per-anglestep basis using the follow-
ing equation

V(g)=V, +%(l+r—rlﬁtos(¢)+ (l—rBin(¢))2) [24](12)

Fig. 1. Schematics of crank mechanism

The piston position is calculated using a standard
crank/slider calculation as shown below. As default
0 deg refers to the piston position at top dead centre

S, :(1+r—rﬂ’tos(¢)+ (l—rBin(¢))2j [24] (13)

Cylinder volume change (Vy()) in the differential
form, can be written as

dv _ nB? . r? Bin(¢)ﬁ:os(¢)
w_T(er(¢)+m [17]1 (14)

3.3. Heat transfer submodel

One of the most important submodels of TCM is
a heat transfer, this submodel predict a heat transfer
from a closed volume (cylinder) to the walls repre-
senting as a cylinder head, cylinder liner, top surface
of the piston and valve head areas located in the com-
bustion chamber. There are three different types of
heat transfer: diffusion, convection and radiation. In
this work, only the convective heat transfer was de-
scribed.

Basically, the heat transfer calculation does not re-
quire high computing power. To calculate the amount
of heat transferred to the walls, used the Newton-
Richman law, that can be written, as

dQ, =a A, (T-T, Mt [9, 17] (15)

According to Eq. 15 the heat transfer depends on
time, in order to obtain connection with TCM, the Eq.
15 must be dependence on the crankshaft angle. The
simplest conversion between time (t) and crankshaft
angle (@), can be written as

a=92 [16] (16)
6n
where: t — is expressed in (s), n — is expressed in
(rpm), @ — is expressed in (deg).

The most important parameter of the heat transfer
submodel is the heat transfer coefficient (a,).

There are many semi-empirical equations used to
predict heat transfer coefficient, the most popular
equations in the point of view of the prediction accu-
racy are Woschni’s, Hohenberg’s and Annand’s equa-
tions.

a) Woschni heat transfer coefficient

The Woschni’s correlation is well-known and
widely used for calculation the heat transfer coeffi-
cient in both SI and Diesel engines and is given by Eq.
17. While the other correlations consider the gas ve-
locity to be constant during the engine cycle, the
Woschni’s correlations provides the most detailed
approach in the estimation of convective heat transfer
and takes into account the gas velocity increases in the
cylinder during the combustion, but the usage of this
correlation without calibration often does not allow to
calculate the instant heat transfer coefficient with re-
quired accuracy

08 08
o, =130 P v

052502 [9,151(17)

The value of the in-cylinder gas velocity depend-
ing on the working period of engine and can be calcu-
lated from the Eq. 18 and Eq. 19.

During the gas exchange and compression period

w=228[C, [9, 15] (18)
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During the combustion period
w =228[C, +334007 [—I\%[ﬂp -p.) [9,151(19)
P
Mean piston speed (C,,), given by

:spm
30

[15] (20)

where: n — is expressed in [rpm].

Woschni’s heat transfer coefficient included the
pressure difference between fired and motored opera-
tion (p — p.) in the characteristic velocity to account for
the effect of the combustion on the heat transfer [4].

b) Hohenberg heat transfer coefficient

According to Hohenberg, Woschni’s correlation
underestimates the heat transfer coefficient during
compression and overestimates it during combustion.
In addition, he stressed its difficulty of use [9]. Based
on Woschni’s work, Hohenberg proposed the correla-
tion given by Eq. 21

= 130 - pO8 - T-04.y=006. (C_ +1.4)%8 [4, 9] (21)

¢) Annand heat transfer coefficient

Unlike the previous two that were created for
Diesel engines and afterwards, adapted for the SI
ones, Annand’s correlation originated from tests with
SI engines [9]. The heat transfer coefficient is evaluat-
ed as shown in Eq. 22. Annand’s correlations consider
the gas velocity to be constant during the engine cycle
equal to mean piston speed (C,,)

w

k 4 _m4
o :c%meovuzx,mo—g Eﬁ%} [9] (22)

w

where: ¢ — Annand’s correlations parameter for a two-
stroke engine often equal to 0.26 and for four-stroke
engine equal to 0.49.

The second term of Eq. 22 accounts the radiation
influence, which most often is neglected for SI en-
gines [9].

3.4. Combustion submodel

The combustion duration is described by the
amount of energy that released due to the combustion
of the charge (Qy) and can be written, as

d gx
Q X = Q . b
dg dg
Total thermal energy of the fuel released during the
combustion process (Q,), given by

(23)

Q, =myy, [LHV,  [17,21,29] (24)

The Wiebe function is widely used to estimate the
rate of burned fuel mass in thermodynamic calcula-

tions, and allows the independent input of function
shape parameters (m) and of burn duration, and repre-
sented by relation above

_ b+l
xy, =1-exp —QEE")AZO] [16, 29] (25)

Wiebe equation parameter o, determining the qual-
ity of combustion, and can be written, as

a =1In(l - x *) = -6,908 [16] (26)

where: x* = 0.999 — value of burned fraction at the
end of combustion.

In the differential form Wiebe equation, can be
written as

b
I gl ¢'¢°j fi-x,) [171(27)

dg Ag \ A¢

The semi-empirical Wiebe function is character-
rized by the simplicity of description and universality.
In the presence of experimental data it is always pos-
sible to estimate the appropriate values of the Wiebe
function parameters (Eq. 25), which allows to, provide
simulation of the combustion process with required
accuracy.

4. Single-zone model

It is a simplest TCM, that is used the basic TCM
assumptions described in subchapter 2.1. In single
zone models, cylinder charge is assumed to be uni-
form and the cylinder volume regarded as a single-
zone. A single-zone model is often used if there is
a need for a fast and preliminary analysis of the en-
gine performance. However, single-zone considera-
tions are associated with averaging temperature inside
the cylinder during the combustion duration, which
reduces the accuracy of the toxic emissions calcula-
tion.

This disadvantage can be eliminated by using
a two-zone or multi-zone model that allows, to predict
engine toxicity more accurately.

According to the assumptions of the single-zone
model and the thermal balance presented on the Fig.
2, a system of three equations for this model in the
differential form can be writing, as

d(m(@) _ dQ, Ly 9Qu _ av

dg dg dg
pd_V+QV:de_T+md_RT+d_mRT
dg dg¢ dg ~d¢  d¢
dm _ dm;, N dm,,

A dg  d¢

¥ th,, dm;, ~h,, dm,,, (28)
dg dg dg

(29)

(30)
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Fig. 2. Thermal balance of the single-zone model

The combustion process take place when the intake
and exhaust valves are closed (closed cycle without
gas exchanges), so assumed that the mass inflow
equals zero (m;, = 0), and out flowing mass equals
zero (m,, = 0), then Eq. 28, can be written as follows

d(mm) _ dQ, _dew av

ip  dp “dp "dp G

If a higher accuracy in the calculation of the com-
bustion model is needed, then blow-by mass takes into
account, and then the energy balance equation, can be
presented by the following equation

d(ml——‘h):de_ dQ, _ dv _ dmpp
dp  dp “dp Tdg ** dg

To calculate the value of the instantaneous internal
energy, it is needed to determine all components in the
right side in the energy conservation equation (Eq. 3).
To simplify the TCM calculations, used the submo-
dels described in the third chapter of this paper.

2 [1] (32)

(a)

4.1. Research carried out using the single-zone model

The author [32] investigate the combustion process of
an SI engine fuelled with methane and methane-
hydrogen blend. The studies were aimed to estimate the
prediction accuracy of the combustion process modeling
with single and double forms of Wiebe function. The
results confirmed that the usage of the double Wiebe
function increases the calculating accuracy. However,
the difference between experimental pressure curves and
simulated ones, estimated at about 3%, which is caused
by temperature averaging. The author [2] in order to
predict the in-cylinder pressure for the diesel engine
fueled by diesel and biodiesel implemented a single-zone
combustion model and used the triple-Wiebe function to
describe the heat release process. The simulation results
are presented in Fig. 3. However, similar to the previous
author, the average temperature caused differences in
pressure curves, estimated at 2.5%. Similar results are
obtained by the authors [20, 21, 25, 27] and others.

Unlike to the previous authors, the studies of the
author [13] were aimed to sensitivity analysis of the
Wiebe function coefficients to the various engine
loads. Moreover, method of confirming the number of
combustion phases and method of estimating start
angle of combustion were proposed by the authors
[13].

In summary, it can be concluded that the average
temperature in the cylinder does not have a significant
influence over the engine performance prediction.
According to the author [28] the ten percent of heat
transfer prediction error leads to the order of one per
cent performance prediction error [18]. A single-zone
models, allows to predict the heat release rate with
high accuracy. However, there are differences be-
tween experimental pressure curves and simulated
ones caused by temperature averaging which is pre-
sented in Fig. 4.

(b)

Fig. 3. HRR of the CI engine fueled with diesel (a) and biodiesel (b) [2]
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(a)

(b)

Fig. 4. Comparison of pressure development in single zone model (a) [32] and (b) [2]

5. Two-zone model

The two-zone combustion model is an extension of
the single-zone model, which is due to its additional
assumptions, gives more accurate prediction of the
engine performance and toxic emission calculations.

Additional assumptions of the two-zone model:

a) The basis of the two-zone model, is the division
of the cylinder volume (V) (Eq. 33) and the mass of
the working fluid (m) inside the cylinder (Eq. 34) into
two zones (the unburned zone (m, and V,) and burned
zone (my, and Vy)) by a thin zone of the combustion
reaction (flame front), The division of the combustion
chamber is shown on Fig. 5.

V=V, +V, (33)

(34)

m = Mgy +mair =m, +mb

b) The pressure inside the cylinder is uniform at
any moment.

¢) Each zone has its own temperature, which is
uniform in its own zone. There is no heat exchange
between zones.

d) Working fluid that fills the cylinder is homoge-
neous and contains air, fuel vapor and residual gases.

e) Each zone has its own heat transfer coefficient
and contact area (with cylinder walls, cylinder head,
top surface of the piston). The calculations of the con-
tact area based on the instantaneous value of the
burned mass.

Fig. 5. Thermal balance of the two-zone model

Due to the division of the cylinder chamber into
two zones, equation of energy conservation for each
zone, can be written as follows:

Burned zone

7d(m(‘; mb) =— %+de _Zdeb +h, dm, _ - dmpg ),
@ dg d¢ d¢ d¢ d¢
[1, 14] (35)
Unburned zone
d(m,u,) av dQ dm, dm g,
u-u/ - _ u wu -h -h 5
d¢ p d¢ Z d¢ u d¢ BB,u d¢
[1, 14] (36)
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. d .
In the equation above the h, di(pb — includes the en-

thalpy flow from the unburned zone to the burned as a
result of the conversion of the fresh load to the com-
bustion products.

The ideal gas law

p:%[ﬂmeRbIIl“b+mu|]RuEl"u) (11 (37)

Mass conservation law

dm _ dmj, . dm, . dmgg _ dmy . dm, . dmpgg
d¢ d¢ d¢ dg dg d¢ d¢

5.1. Research carried out using the two-zone model

Due to the fact that the combustion chamber is di-
vided into two zones, it gives a more accurate predic-
tion of the temperature inside the cylinder. Therefore,
many publications devoted to a two-zone modeling of
the combustion process, except the similar issues that
are also solved by single-zone modeling (presented in
the [18, 26, 29, 31] and others), aimed to additional
issues:

1. Analysis of the influence of the various engine
operation conditions (load, rotational speed, EGR rate
and others) on the emissivity and combustion charac-
teristics. The studies of the authors [14] were aimed to
predicting the effect of ethanol-gasoline (EO, E5, E10,
E20, E30 and ES0) fuel blends on the performance and
emission characteristics of SI engine. The studies of the
authors [23] were aimed to investigate and analyze the
impact of the EGR rate and engine loads, on the com-
bustion and emissions characteristics of the diesel en-
gine by two-zone modeling.

2. Analysis the impact of different heat transfer
correlations (Eq. 17, Eq. 21, Eq. 22 and others (not
presented in this paper)) on the heat transfer submodel
prediction and results of combustion modeling. This
type of analysis was carried out by the authors [9], for
study they used SI engine fueled with wet ethanol.
Results showed that Hohenberg’s correlation (Eq. 21)
together with Wiebe function, gives the most accurate

(38)

results, in the prediction of the in-cylinder pressure
and heat flux through the cylinder walls (Fig. 6).
A similar study was carried out on the SI engine
fueled with natural gas by the authors [19]. The results
shown that the Hohenberg’s or Eichelberg’s correla-
tion together with Wiebe's function gives the good
calculation result.

It can be concluded that, the two-zone model com-
pared to a single-zone model allows to, additionally
assess emission characteristics and analyze the heat
transfer submodel, which leads to a better simulation
results.

6. Multi-zone model

If it is needed to create the TCM with highest accu-
racy and lower time-consumption (compared to CFD
models), more often used multi-zone models. They
are an extension of the single- and two- zone models
and uses the basic assumptions of single- and two-
zone models.

Additional assumptions of the multi-zone model:

a) The cylinder volume is divided into a predeter-
mined number of zones (there are different ways for
division some examples presented in Fig. 7 [3] and Fig.
8 [10]). The simulation results are presented in Fig. 9.

b) The pressure in each zones are the same and
equal to the pressure in the cylinder.

6.1. Baratt’s multi-zone divided example

The author [3] create a multi-zone model to ana-
lyzing the combustion process and toxic emission of
a SI engine fueled with CNG.

The combustion chamber volume is divided into an
unburned gas zone (V,) and a burned gas region (Vy),
which has been split into six ‘zones’ (shown in Fig.7).
The numbers in the picture show each of the burned
zones. In real simulations, a burned zone is generated
each 5° crank angle, and thus 15-20 burned zones (the
exact number depends upon the combustion duration)
are generally generated at the end of combustion
(EOCO) [3].

Fig. 6. Three cases estimation comparison using Hohenberg’s correlation for (a) the in-cylinder pressure and (b) the maximum heat flux [9]
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The following Eq. 39 is obtained by constraining
the sum of the volumes of the unburned region (V,)
and of the burned zones (V,; where subscript (i)
ranges from 1 to n) in order to be equal to the instan-
taneous cylinder volume (V) [3]

n
dV =dV, +YdV,;

i=1

(31 (39)

The mass conservation law, applied to the cylinder
content, yields

(3] (40)

dm = d(mfuel + m,;, +mr) = dmu +dmb,n

The energy conservation equation for the unburned
zone and for each burned zone i, can be written, as

~q,A,dt +V,dp = m,dh, (3] (41)
—qp;Ap;dt+Vy;dp =my,;dhy; [3](42)

The ideal gas law, is given by relation
pV=m,R,T, +imb,in,in,i (3] (43)

i=1

Fig. 7. Multi-zone division by Baratt [3]

(a)

The equations of this multi-zone TCM are the
same as for the two-zone model, difficulties in the
equations and calculating are associated only with the
increased number of zones, also in this multi-zone
model is necessary to take into account heat transfer
between zones.

6.2. Fathi multi-zone divided example

The author [10] proposed to divided combustion
chamber into 13 zones, shown in Fig. 8. There is no
mass transfer between zones, and the inter-zonal in-
teractions is confined to the heat transfer between
neighbouring zones and the work done due to the zon-
al volume changes [10].

The first law of thermodynamics for each zone in
a system with a constant mass is expressed by the
equation
dv

du dQ
2= pSlz 4 10] (44
dt P dt dt [10T¢44)

Fig. 8. Zonal configuration for multi-zone modeling [10]

(b)

Fig. 9. In-cylinder pressure and temperature [22]

34
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Since all zones have a uniform pressure, total in-
cylinder mass during multi-zone modeling is constant,
mass of each zone remains constant, and the combus-
tion chamber volume is the sum of all zones volumes,
the first ordinary differential equations for the multi-
zone model can be derived [10], as

do__ 1 dVe p +LE§[MZ&+%RZ£J [10] (45)
dt v2 dt ;o VvV o t dt

Mass conservation equation for multi-zone model
is determined as follows
dm,;

zZi _ *
— =V M0

m [10] (46)

Eq. 46 according to the author [10] is solved by
using the Cantera chemical kinetics solver.

6.3. Simulation results

The multi-zone model allows to analysis in-
cylinder temperature of different zones, which gives
a positive effect on the simulation accuracy (Fig. 9).

7. Conclusions

All TCM overviewed in this paper are based on the
differential equations of energy conservation, state
and mass. All parameters of these equations, depends
on the crankshaft angle or time. Therefore, this mo-

dels are called zero-dimensional. TCM division is
based on the number of zones inside the cylinder. The
choosing of the calculation method based on the main
aim and required computational accuracy of the mo-
del. However, for a numerical description of the com-
bustion process and analysis of the impact of various
engine parameters (load, rotational speed, EGR rate,
etc.) on the combustion process and emission charac-
teristics of ICE, the two-zone model is most common-
ly used, because it allows to predict the engine opera-
tional parameters with the required level of accuracy.

Based on the analysis of the references presented
in this paper, it could be concluded that it cannot be
definitely determine which correlation of the convec-
tive heat transfer coefficient gives the better results. In
some cases, the heat transfer correlation gives more
accurate results in other cases they cause more calcu-
lation errors. Therefore, the convective heat transfer
correlation must be selected separately for each spe-
cific case.

Modeling of the combustion process by using the
Wiebe's function allows to, calibrate the shape para-
meters and burn duration. The ability to change seve-
ral parameters in one equation allows to fit them to the
experimental data with the smallest errors.

Nomenclature

o Wiebe equation parameter that determining
the quality of combustion

Oy convective heat transfer coefficient

a;—ay JANAF polynomial coefficients

Ay, heat exchange area

b semi empirical Wiebe equation parameter (the
Wiebe’s function shape parameter)

B cylinder bore

BDC bottom dead center

c Annand’s correlations parameter

Cn mean piston speed

Cp specific heat

CFD computational fluid dynamic

dt calculation step by time

H change of enthalpy in- or out-flowing gas

hin, houe specific enthalpy of in- or out-flowing gas

h, specific enthalpy

ICE internal combustion engine

1 connecting rod length

LHV; lower heating value of fuel

k, thermal conductivity coefficient

m total mass of the charge in the cylinder (air +
fuel)

My mass of air

mgg blow-by mass

my, mass of charge in-cylinder burned zone

Mgl mass of fuel

m, mass of residual gas

m, mass of charge in-cylinder unburned zone

MW, molecular weight of air

MW molecular weight of fuel

n crankshaft rotation speed

Ny number of moles of air

Nfyel number of moles of fuel

P in-cylinder pressure

Pe in cylinder pressure during motor operation

Q total amount of in-cylinder heat

Qu wall heat loss

Qy heat of combustion

Q total thermal energy of the fuel (released du-
ring the combustion process)

quAy, moduli of the global heat transfer from the

QbiAbi considered zone (u or i) to the adjacent zones
and to the combustion chamber walls [3]

R universal gas constant

r crank radius (half the stroke)

s entropy

Sp instantaneous piston position

SI spark-ignition

T in-cylinder temperature
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T, cylinder wall temperature x* amount of burned fraction at the end of com-

TDC top dead center bustion

TCM thermodynamic combustion model ¢ crankshaft angle

internal energy T time

u specific internal energy o crankshaft angular speed

AV in-cylinder volume o consumption/production rate of species during

Vy in-cylinder burned zone volume combustion [10]

Vi in-cylinder unburned zone volume € engine compression ratio

V. combustion chamber volume ¢ crankshaft angle

W the work on the piston ®o crankshaft angle of combustion start

W in cylinder gas velocity A combustion duration

Xp burned mass fraction
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Analysis of the efficiency of the in-cylinder catalyst to reduce exhaust emissions
during the cold start combustion engine

The article concerns the use of an in-cylinder catalyst that allows reducing the exhaust emissions during diesel engine operation.
This is an additional method of exhaust emission reduction — however, the active component is placed inside the combustion chamber —
hence much closest to the combustion process. This allows reducing the emissions at the very source (catalyst applied on the glow
plugs). Such solutions are necessary because the reduction of exhaust emissions from vehicles is a key aspect of reducing the negative

impact of transport on the environment.

Key words: exhaust emission, in-cylinder catalyst, diesel engine

Introduction

Due to the way passenger cars are used, especially dur-
ing urban driving, they are characterized by low mileage
between individual starts, so they often experience ignition
in a cold state and operate in underheated engine conditions
[6]. According to Scandinavian research [8], in Sweden, 2.7
billion cold engine starts in Sweden are made in passenger
cars, and in Finland — 2.6 billion. Cold engine-starts cause
about 90% of the total hydrocarbon and carbon monoxide
emissions and 50-70% of oxides emissions from passenger
cars in the Nordic countries, thus they are a significant
contributor of harmful substances emissions from automo-
tive sources.

Because the amount of time the engine spends operating
in cold conditions is significant, more and more attention is
brought to the problems caused by cold engine operation.
When operating at low loads and idling the engine thermal
condition is unstable and the reactions occurring inside and
outside the cylinder (in the exhaust system) are somewhat
disturbed. Additionally, fuel combustion in these conditions
is partial and incomplete. Due to how passenger cars are
used, mainly for urban driving, there is little distance cove-
red between individual starts (Fig. 1), so they are often
started from the cold engine state and operate in unfavora-
ble engine conditions.
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Fig. 1. Mileage of European passenger cars [14]

Figure 1 shows that 45% of routes travelled are shorter
than 30 km, so the engine is cold and the catalytic converter

does not fully operate, especially when stationary — there-
fore it is possible to use various solutions to reduce this
phenomenon [1]. In order to eliminate harmful exhaust
emissions, it is pivotal to equip every vehicle with an ex-
haust aftertreatment system for flue gas whose composition,
temperature and flow rates are constantly changed during
operation. The catalytic reactors used in the automotive
industry are expected to reduce harmful components of
exhaust gases as well as to have high durability [10, 24].
A very important factor is controlling the parameters of
exhaust gases, in particular their changes in the engine
exhaust system [11, 23]. The technology of exhaust after-
treatment systems is being continuously developed due to
the ever lower emission limits. There are many solutions of
exhaust aftertreatment systems, and their effectiveness
often depends on the mutual relations and cooperation of
individual system components (Fig. 2).

Fig. 2. Methods for reducing exhaust emissions; VCR (Variable Compres-

sion Ratio), VVTi (Variable Valve Timing with intelligence), ERG (Ex-

haust Gas Recirculation) of (LP — low pressure, HP — high pressure), TWC

(Three Way Catalyst), Decrease NOy — systems for reducing the NOy

emissions, GPF (Gasoline Particle Filter), DOC (Diesel Oxidation Cata-
lyst), SCR (Selective Catalytic Reduction)

Overall, toxicity is determined by local processes in the
combustion chamber, which take place in dynamic condi-
tions, occurring for a short duration (on the order of milli-
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seconds or shorter). Therefore, it is reasonable to introduce
additional agents to improve the atomization, evaporation,
diffusion of fuel vapors and their mixing with air, as well as
for the oxidation of fuel, for example, the use of catalysts
within the combustion chamber or immediately after the
flue gas leave the chamber.

The use of a catalyst inside the combustion chamber can
cause problems regarding the location, i.e. the choice of the
surfaces and elements to be covered with catalytic materials.
A separate problem arises as the issue of durability of the
catalytic coatings used.

1. Feasibility of in-cylinder catalysts use

The need to reduce exhaust emissions from internal
combustion engines has led to the introduction of multi-
functional catalytic reactors used in both spark and com-
pression ignition engines. However, there are problems
associated with the use of catalytic converters, including the
efficiency of carbon monoxide and hydrocarbons oxidation
is only high when the engine is powered by a stoichiometric
mixture, on top of that the reactor needs to reach its opera-
ting temperature (/ight-off). Obtaining the proper operating
temperature of the catalytic converter is achieved primarily
through its placement in the exhaust system. Thus, a con-
cept was born to place the catalyst in the combustion cham-
ber itself.

Research on ecological issues in internal combustion
engines and the beneficial effects of internal catalyst,
placed in the cylinder, on engine performance and exhaust
emission were investigated as early as in the mid-twentieth
century. The use of the catalytic coating in the cylinder
were mainly aimed at reducing the smoke opacity in Diesel
engines by reducing the ignition delay [7, 16, 21, 26]. Other
advantages were the subject of research in which the inter-
nal catalyst (covering the outlet valve with platinum) re-
sulted in the reduction of carbon monoxide and hydrocar-
bon emissions in the Diesel engine powered by methanol
[15] and diesel fuel [27, 28]. The issue of nitrogen oxides
reduction using an in-cylinder catalyst is based on using
a platinum catalyst [22], but due to the high costs of such
a solution, it was postulated that it could be replaced with
molybdenum compounds [25].

The results of research on in-cylinder catalysts were al-
so published in articles [5, 9, 12, 13, 17, 18, 20], which
have shown a positive effect that a catalytic layer on some
elements of the combustion chamber has on reducing the
concentration of carbon monoxide and hydrocarbons, which
unfortunately depends on the properties of the catalyst used
and the operating conditions of the internal combustion
engine. Such tests were carried out only in stable conditions
of engine operation, whereas in this article an attempt was
made to determine the ecological benefits of using an in-
cylinder catalyst mainly in the dynamic operating condi-
tions of the compression ignition internal combustion en-
gine as well as in real operation.

2. Aim and scope of research

Increasingly more emphasis is placed on reducing the
negative environmental impact of combustion engine vehi-
cles, both from the legal institutions of individual countries
as well as international organizations and associations. This

drives the search for ever more advanced technical solu-

tions for the internal combustion engine that will limit this

negative impact and meet the current exhaust emission
limits [2-4, 19]. Among these activities, the most important
ones are those that have a direct impact on the improvement
of combustion and the reduction of the toxic exhaust com-
ponents formation while still in the engine's combustion
chamber. The distinguishing feature of this article is that it
focuses mostly on conducting tests in the operating condi-
tions corresponding to the engine cold start.

The formulation of the research aim lead to the follow-
ing assumptions as part of the scope of research:

— the catalyst is applied on an easily replaceable element —
glow plug (test object),

— the material of the catalyst is platinum — it reduces the
concentration of carbon monoxide and hydrocarbons
and to a small extent allows for a reduction of solid par-
ticles in the Diesel engine,

— internal catalyst — platinum works mainly during start-
up and heating of the engine, that is why the tests will
be carried out before the catalytic reactor (DOC),

— tests were performed comparatively: glow plug without
a catalyst cover and covered with a catalyst (modified),

— additionally an analysis of the glow plug heating time
and its influence on the exhaust emission was carried
out,

— a Diesel engine with the Euro 4 emission category, the
most frequently occurring in the European Union (1.3
JTD, MultiJet), was selected for the tests.

3. Research methodology

3.1. Prototype components
The subject of research and analysis were glow plugs
with the following parameters (Fig. 3):
— catalog number: 0250203002,
— trade abbreviation (HKB): GLPO16,
— material number (KSN), marketing number: 16,
— connection type: PIN,
— mounting depth: 28 mm,
— threaded fitting 1: M8 X 1.0,
— length: 120 mm,
— control voltage: 11V,
— tilting angle forming the cone: 93°.
A new solution used in this research was the implementa-
tion of prototype glow plugs, with a 34 mm long heating sec-
tion (4 mm longer compared to previous solutions — Fig. 4).

Fig. 3. Standard glow plugs (heating section length — 30 mm)
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Fig. 4. Prototype glow plugs with an extended heating section length (34 mm)

The new prototype glow plugs were longer by 4 mm,
which resulted in a 50% increased active surface area of the
internal catalyst. The heating section was made of stainless
steel (sheet) type INOX (18Cr9Ni), with a thickness of 0.05
mm. Such a metal sheet is used for making catalytic reac-
tors with a metal carrier. This made it possible to eliminate
the ceramic layer that was applied to a standard plug with
a catalytic coating having a heating section length of 30
mm. The lack of a ceramic layer made it possible to reduce
the thermal insulation, and as a result the heating of the
glow plugs was faster leading to a higher catalytic layer
operating temperature.

3.2. Test object

A compression ignition combustion engine was used for
the research (as well as equipped in the passenger car used
for the tests, with a mileage of 92,000 km, where the engine
met the Euro 4 emission standard). The test object was
a supercharged engine with a 1.3 dm’ displacement, with
the designation 1.3 JTD (MultiJet) and Euro 4 emission
class — the test stand is shown in Fig. 5.

Fig. 5. The test engine mounted on the dynamometer along with the engine
control unit

The exhaust aftertreatment system is typical for Diesel
direct injection engines, i.e. a two-way catalytic converter
(a particulate filter was not required in vehicles of this
emission category). The choice of such a research object
was dictated by the fact that more than 50% of cars in the
European Union are equipped with such engines. At the
same time, the Euro 4 emission standard was in force from
January 1, 2006 to 2010, and the average age of cars im-

ported to Poland is 11.5 years (of which 42% are with die-
sel engines). Therefore, the Diesel engine is the most repre-
sentative engine in Europe and for Poland. Another reason
is that it is an engine where the emission of carbon mono-
xide and hydrocarbons can be reduced easily — by simply
replacing the glow plug.

3.3. Measuring equipment
The Semtech DS analyzer manufactured by Sensors was

used to measure the concentration of harmful compounds in
the exhaust gas. It allowed measurement of harmful com-
pounds concentration including - carbon monoxide, hydro-
carbons, nitrogen oxides and carbon dioxide. The analyzer
processing unit received data directly from the engine diag-
nostic system. The analyzer consists of the measurement
modules:

— FID (Flame lonization Detector) used to determine the
total hydrocarbon concentration in exhaust gases,

— NDUV (Non-Dispersive Ultraviolet), designed to meas-
ure the concentration of nitrogen oxide and nitrogen
dioxide,

— NIDR (Non-Dispersive Infrared) infrared radiation,
designed to measure the concentration of carbon mono-
xide and carbon dioxide,

— electrochemical for determining the oxygen content in
the exhaust gas.

The TSI 3090 EPSS™ analyzer (Engine Exhaust Parti-
cle Sizer™ Spectrometer) was used to study the particle
size distribution of particulate matter. It enabled the mea-
surement of a discrete range of particle diameters (in the
range from 5.6 nm to 560 nm) emitted in the exhaust gases
based on their different velocity. Due to the device’s data
acquisition frequency of up to 10 Hz, the analyzer can be
used for the study of particulate emissions in transient en-
gine states. The diagram of the setup of presented devices is
shown in Fig. 6.

{ T H { GPS l OBD 190°C Filter
exhaust ]
Semtech DS Chiller
FID, 190°C
CO, CO,, HC, NO, HC a
___________ AVL 483 MSS noov | [ NoR |
7777777777 PM = f(t) NO, NO, CO, CO,
dilution
PMD
- 1
EEPS 3090 (TSlI) 0,
PN =f(D, )

[ aps || wiri || osD |

Fig. 6. Setup diagram of the measurement system used for testing the
exhaust emission of gaseous and particulate compounds; T — ambient
temperature, H — air humidity

4. Measurement results

Considering the ecological benefits of the research ca-
pabilities specified in the articles [2], another modification
of catalytic-coated glow plugs was proposed. The proposal
concerned the elongation of glow plugs, in such a way that
the heating section coated with the catalyst protrudes as
much as possible into the combustion chamber, and at the
same time to maximally increase the area of its active reac-
tion surface with combustion gases. Therefore, a longer
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glow plug (by about 4 mm, the total length of the prototype
plug was 34 mm long) was compared with a standard plug
(with a heating section length of 30 mm) and a catalytic-
coated plug (with the heating section length of also 30 mm).
The tests were carried out in cold engine start conditions,
and the measurement of exhaust emissions was performed
upwind from the catalytic converter.

The tests were performed for the same exhaust compo-
nents as for the previous research points. In the case of
carbon monoxide concentration, in the whole measurement
duration of 1200 s, the smallest value was observed for the
prototype glow plugs; just after engine start-up the concen-
tration was 4000 ppm and it was 20% lower than in the case
of the shorter catalyst coated plug. Similar results were
observed for the carbon monoxide emission intensity (con-
stant exhaust gas mass flow). It should be noted that after
about 600 s no significant differences are observed in both
concentration and intensity of carbon monoxide emissions,
regardless of the type of glow plugs and the length of the
heating section of the catalyst coated glow plugs. As
a result, carbon monoxide emissions in the range of §-10 g
were obtained during this study (Fig. 7).

6000 ] I I
— Standard glow plugs; length - 30 mm

= Glow plugs with catalyst; length - 30 mm ||

— Glow plugs with catalyst; length - 34 mm H
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Fig. 7. Concentration, emission and emission intensity of carbon monoxide
during tests of the Diesel engine depending on the type of glow plugs and
the length of glow plugs coated with catalyst

A similar situation occurred in the case of hydrocarbon
concentration analysis. The highest increase in concentra-
tion (over 600 ppm) was observed for the standard plugs,
while similar values (around 600 ppm) were obtained du-
ring the study using catalyst coated plugs with a length of
30 mm. For prototype plugs, this value was around 500
ppm. After a period of approximately 100 s, the concentra-
tion was observed to stabilize at the level of 250-300 ppm
along with a further slow reduction of concentration to the
level of 150 ppm at the end of the measurement test. The

intensity of hydrocarbon emission had a very similar char-
acteristic to the hydrocarbon concentration results, and the
final value was similar for all cases and was about 0.0005
g/s. The hydrocarbon emission values, depending on the
type of glow plugs and the length of the catalytic-coated
glow plugs, ranged from 0.9-1.1 g (Fig. 8).
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Fig. 8. Hydrocarbons emission, emission intensity, and concentration in
Diesel engine tests depending on the type of glow plugs and the length of
glow plugs section coated with the catalyst

A different character of the observed results was found
in the case of nitrogen oxides concentration analysis. The
smallest increase in concentration (about 120 ppm), but the
largest eventual value, was observed in the case of the pro-
totype glow plugs. The concentration of nitrogen oxides in
the first period after the engine start was 50-70 ppm (lower
values were observed for standard plugs). A similar situa-
tion was in the case of the nitrogen oxide emission intensity
analysis - the largest values were typically observed for the
prototype plugs. After a period of approximately 100 s,
a rapid increase in the emission intensity of nitrogen oxides
to the value of about 0.0005-0.001 g/s was observed,
caused by the change of engine settings (consistent opera-
tion of the engine controller independent of the type of
glow plugs used). Obtained nitrogen oxides emission values
for the three considered cases of the glow plug types and
length of the catalytic-coated section were in the range of
0.9-1.1 g (Fig. 9).

Particle number analysis does not provide easily differen-
tiated test results. All concentration measurement results are
very similar in character and values to each other. The final
particle number values allow a proper assessment of the
environmental benefits of the glow plugs used. The number
of particles in the entire measurement test for different types
of glow plugs ranged between 4-5.5-10"" (Fig. 10).
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Fig. 9. Nitrogen oxides emission, emission intensity, and concentration in
Diesel engine tests depending on the type of glow plugs and the length of
glow plugs section coated with the catalyst

8.0E+04
7.0E+04
_ 6.0E+04 /
T 5.0E+04 ,///
L 4.0E+04 I
"2 3.0E+04 [| — Standard glow plugs; length - 30 mm
5 2.0E+04 |+ —Glow plugs with catalyst; length - 30 mm
1.0E+04 - —Glow plugs with catalyst; length - 34 mm
0.0E+00 L L L L

R

6E+11

5E+11

o 4E+11

Z 3E+11
3

2E+11

1E+11

0

//

600

—

0 200

400 800 1000 1200

t[s]

Fig. 10. The numerical concentration and the particle number in Diesel
engine tests depending on the type of glow plugs and the length of glow
plugs section coated with the catalyst

The smallest differences in the analyzed results were
observed in carbon dioxide emission for different glow
plugs with different catalyst coated section lengths. The
lowest level of repeatability occurred only in the first 200 s
after the engine start, while the later measurements of the
concentration and emission intensity values were the same.
Carbon dioxide emissions also changed only in the range of
270-300 g depending on the type of glow plugs and the
catalyst coated section length (Fig. 11).

5. Measurement uncertainty analysis

Most of the discussion regarding the variability and in-
accuracy of data when testing the concentration (or emis-
sion) of exhaust emissions from internal combustion en-

gines concerns measurement uncertainty treated in a holis-
tic way. The most important factors affecting the measure-
ment uncertainty of exhaust emissions in these models were
the uncertainties related to the vehicle engine and the am-
bient conditions. However, comparing the changes that
have occurred in the regulations regarding the permitted
limit values of individual exhaust components, it should be
noted that the limits have been reduced several fold, which
also resulted in a significant exhaust emissions concentration
reduction and absolute results in grams per cycle (given
cycle measurement). The exhaust gas analyzer is also of
great importance when performing measurements within
the test framework. Most importantly its measuring range,
repeatability of measurements as well as the accuracy of
measuring the concentration of individual compounds in the
background (in the ambient air).
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Fig. 11. Carbon dioxide emission, emission intensity, and concentration in
Diesel engine tests depending on the type of glow plugs and the length of
glow plugs section coated with the catalyst

The following analysis presents a method for determin-
ing the emission measurements separation between the
standard and catalytic coated glow plugs. In other words,
the analysis concerns a situation in which the obtained
results can be treated as different, i.e. their average values
at the appropriate level of significance are different. To
prove this, 20 measurements of emissions of selected ex-
haust compounds were performed during cold engine start
for standard and catalyst coated plugs (to make the article
more concise, an example result of carbon monoxide emis-
sion was shown). The measurements were taken upwind
from the catalytic converter to eliminate the additional
effect of exhaust aftertreatment devices.

Considering the results of measurements of carbon
monoxide emission (standard glow plugs), the variability
range of this compound was (9.8 g, 10.4 g], and the highest
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frequency of results (6 measurements out of 20) was the
range (10 g, 10.1 g] (Fig. 12a). The approximation of the
discrete probability density with normal distribution with
expected value estimation and variance is shown in Fig.
12b. For the results of carbon monoxide emission tests
(modified glow plugs), a similar characteristic of obtained
results was found (Fig. 13a). The results variability range
was from 9.1 g t0 9.7 g, and the most results (8 data points)
were in the range (9.4 g, 9.5 g]. The probability density
graph was similar to the graph from Fig. 12b, and was also
consistent with the graph of the normal distribution (Fig.
13b).

In order to establish that the average values of carbon
monoxide emissions for standard and catalyst coated plugs
are different, the hypothesis that the expected values of the
average results obtained are the same was verified (at the
significance level of 0.05). The hypotheses in the form Hy:
Mco std avg — Mco cat avgs Hl: Mco std avg ;ﬁ Mco cat avg were veri-
fied using the statistics:

Mco sid avg ~ Mco cat avg

t, =
2 2
nstdscostd+ncatscocat( .1 ) 1
Ngigt Nege — 2 Ngq Dy
a)

N[-]

(10.310.4] -

. ¥ T = ©W o 3
b [+ b =] =] =] =3
© @ hxs Ax e A
o o =] et o
~ ~ o o
meo [9]

where: mco g ave = 10.08 g, Mco ca avg = 941 g, ngq = 20,
Ny = 20, Scosa = 0.1236 g, Sco car = 0.1221 g.
‘Which results in:

10.08 - 19.41
= =16.9
\/20><O.12362 + 20><0-12212(L . L) ©)
20+20- 2 20 7 720

From the t-Student's distribution tables for the signifi-
cance level a = 0.05 and n; + n, — 2 = 38 degrees of free-
dom, the critical value was t, ;i = 2.024. Because the test
result value for average values of carbon monoxide emis-
sion is determined by the inequality |t,| = 16.9 > t, ., the
hypothesis Hy should be rejected, so the average carbon
monoxide emission values for measurements using standard
and catalytic coated plugs are different. Figure 14 also
shows that the intervals determined by average carbon
monoxide emission values and two-fold standard deviation
do not overlap. It is a confirmation that the obtained aver-
age values of carbon monoxide emissions using the stand-
ard and modified glow plugs are different (at the signifi-
cance level of 0.05).
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Fig. 12. Carbon monoxide emission histogram (standard plugs) in value ranges (a), approximated probability density and its cumulative distribution
function (b)
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Fig. 13. Carbon monoxide emission histogram (catalyst-coated plugs) in the value ranges (a), approximated probability density and its cumulative
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Fig. 14. Probability density for two values of expected carbon monoxide emissions for standard and catalyst coated glow plug tests

6. Conclusions

The following results are only comparative for plugs
with a catalytic coating 30 mm long and 34 mm long (pro-
totype). Studies on the influence of the length of catalyst
coated glow plugs during cold engine start on the exhaust
emission values, resulted in the following conclusions:

a) carbon monoxide emission (Fig. 15a):

catalyst coated candles, heating section 30 mm: 9.4 g,
catalyst coated candles, heating section 34 mm: 8.8 g,
b) hydrocarbons emission (Fig. 15b):

catalyst coated candles, heating section 30 mm: 1.01 g,
catalyst coated candles, heating section 34 mm: 0.97 g,
¢) nitrogen oxides emission (Fig. 15¢):

— catalyst coated candles, heating section 30 mm: 1.01 g,

— catalyst coated candles, heating section 34 mm: 1.12 g,
d) carbon dioxide emission (Fig. 15d):

— catalyst coated candles, heating section 30 mm: 277 g,

— catalyst coated candles, heating section 34 mm: 273 g,
e) particle number emission (Fig. 15¢):

— catalyst coated candles, heating section 30 mm:

4.2-10",
— catalyst coated candles, heating section 34 mm:
4.0-10".

During comparative tests of engine exhaust emissions
with catalyst coated glow plugs with various lengths of
heating elements for the Diesel engine cold start, the fol-
lowing results were obtained (values given relative to the
emission values for a catalyst coated glow plug with a heat-
ing element length of 30 mm):

— a relative reduction in carbon monoxide emissions by
12.9%,

a relative reduction of hydrocarbon emissions by 9.3%,
a relative increase in emissions of nitrogen oxides by
14.3%,

arelative decrease in the particle number by 9.8%,

a relative reduction of carbon dioxide emissions by 5.1%.
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Fig. 15. Emissions comparison of carbon monoxide, hydrocarbons, nitro-
gen oxides, carbon dioxide and the particle number depending on the type
and length of glow plugs
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Effects of combustion timing on pressure rise rates
in a residual effected HCCI engine

Realization of a low temperature combustion concept in homogeneous charge compression ignition (HCCI) engines is a cutting-edge
technology that offers clean combustion in parallel with high thermal efficiency. Low combustion temperature prevents from NO, for-
mation whereas homogeneous mixture assures smokeless exhaust. However, achieving the production feasibility by HCCI technology is
hampered by high pressure rise rates and the resulting combustion noise at a high load operation. This paper explores combustion tim-
ing parameters that are capable of maintaining permissible levels of pressure rise rates under a high load regime. On the basis of exper-
imental data collected at a high load HCCI operation, pressure rise level was correlated with combustion duration. Furthermore, com-
bustion duration has been found to scale with in-cylinder volume, for which 50% of mass fraction burned appeared. The results showed
quantitatively limitations of engine load, pointing out on required combustion timings to achieve acceptable combustion harshness de-

pending on engine load.

Key words: HCCI, boost, pressure rise rate

1. Introduction

Reciprocating combustion engines are responsible for
one third of global CO, emissions, and moreover pose
a high risk due to the presence of toxic components in the
exhaust. Nitrogen oxides and particulate matters (PM) are
the most dangerous exhaust components. Furthermore these
compounds are very difficult to remove from the exhaust
using catalytic converters or various types of filters. How-
ever, homogeneous charge compression ignition (HCCI)
combustion engine allows for realization of the combustion
process so that the formation of these components will be
minimized. HCCI combustion can be achieved via internal
exhaust gas recirculation with the use of so-called negative
valve overlap (NVO). This technique consists of trapping
exhaust gases from the previous cycle in the cylinder. As
a result of compression of the exhaust, air and fuel mixture,
oxidation reactions occur simultaneously in the entire vol-
ume and at low temperature, which prevents from the for-
mation of nitrogen oxides. At the same time, due to a ho-
mogeneous mixture, formation of particulate matters is
radically diminished.

Despite of the indisputable advantages of this innova-
tive combustion technique, HCCI combustion systems are
still in the research phase. One of the issues to be solved is
high pressure rise rate (PRR) inside the cylinder resulting
from the volumetric nature of combustion. This form of
combustion harshness limits high engine loads. For high
PRR pressure pulsations in the combustion chamber are
generated, which lead to an increase in noise emitted by the
engine and an increase in loads acting on the crankshaft
system [15]. The waves, which are generated by the signifi-
cant PRR, produce a similar effect to knocking combustion
[14]. During combustion in a spark ignition engine, the
flame is gradually spreading in the combustion chamber.
Pressure is also increasing gradually. In the HCCI engine,
there is sudden combustion of the entire mixture in the
cylinder. This results in a high rates of heat release and high
PRRs in the cylinder. PRR reduction can be realized by

means of two major methods: increasing fuel dilution and
reducing the combustion reaction rates, or combustion
retarding via mixture stratification [10].

Dec and Yang [2] applied boost to HCCI engine and
heating-up of the intake air for increasing internal energy of
the in-cylinder fluid. In addition, the engine was equipped
with direct fuel injection into the cylinder. They reached the
engine load of 0.88 MPa in indicated mean effective pres-
sure) IMEP at boost pressure of 0.18 MPa and without
neither external EGR nor internal EGR. Further increase in
the intake pressure caused exceeding the combustion harsh-
ness limit.

Kulzer et al. [9] applied single fuel injection during the
NVO period and boost pressure of up to 0.3 MPa. The
authors noted that an increase of the in-cylinder charge
dilution by air provides a substantial, simultaneous reduc-
tion of PRR and the NO, emission. However, at high boost
pressures the compressor energy demand could consume
the advantage of higher thermal efficiency of the HCCI
working process [8].

Canakci [1] and Yap et al. [17] applied relatively low
boost of up to 0.14 MPa to gasoline port injected engines. It
was observed that boosting enabled a substantial reduction
of the NO, emission, while excessive PRR was noted.
Scaringe et al. [11] also reported an increase in PRR at
higher boost pressures. They noted that the high load limit
under PRR constant cannot be extended by the alternating
method of fuel dilution i.e. EGR rate versus air-excess
ratio. Wildman et al. [16] reasoned that boost cannot im-
prove the engine output, because high load limit of HCCI
engine is constrained by PRR rather than fresh air aspira-
tion limitations.

Dec et al. [3] applied the direct fuel injection and the
port fuel injection in order to create partially fuel stratifica-
tion. It has been observed that increasing the fuel split ratio
was capable of PRR reduction. However, this method was
effective only for highly boosted engine operation. Turkcan
et al. [13] in their research applied solely direct fuel injec-
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tion and split injection technique in the HCCI engine. In the
first stage 4/5 of fuel was injected early during the intake
phase to create a premixed charge. Whereas the remaining
1/5 fuel dose was introduced directly during the compres-
sion stroke. The authors observed that the retarded second-
ary injection timings caused a reduction in PRR.

Hunicz et al. [7] investigated the effects of various in-
jection strategies and different fuel dose divisions under
variable boost pressure. The authors noted that stratification
is an effective measure to reduce both the PRR and NO,
emissions. Nevertheless, as in the case of the abovemen-
tioned experimental studies, the results showed a trade-off
between the NO, and CO/HC/PM emissions. Recent work
by Hunicz and Mikulski [4] has shown that PRR can be
effectively controlled via variation in mass of fuel injected
during the NVO period for reforming. This technique ena-
bled effective control of fuel reactivity [5] and also provid-
ed the substantial thermal effects [6].

Present paper further explores limitations of HCCI en-
gine operation that come from combustion timing parame-
ters. On the basis of large number of experimental data this
study indicated required combustion timing indexes to
achieve acceptable PRR levels depending on engine load.

2. Experimental test stand and research conditions

The experiments were performed on single-cylinder re-
search engine reinstalled in new laboratories at Lublin Uni-
versity of Technology (Fig. 1). The combustion system that
enabled HCCI operation comprised bowl-shaped combus-
tion chamber located in the cylinder head and a side-
mounted swirl-type, single-stream, electromagnetic gaso-
line injector. Supercharging was provided by an externally
driven compressor with air temperature conditioning sys-
tem. Furthermore, a hydraulic variable valve actuation
system enabled an independent adjustment of intake and
exhaust valve opening phases and lifts. During the research
the valvetrain was set to achieve NVO and thus enabled
HCCI combustion. The detail data of the test engine, along
with the valvetrain settings that were used in the present
research are shown in Table 1.

Fig. 1. Experimental test stand

The research engine was coupled to a direct current dy-
namometer with automatic speed control. The system au-
tomation also included a thermal air mass flow meter, a fuel
balance and a set of pressure and temperature transducers
for monitoring of all media conditions. The excess air ratio
(A) was measured with the use of LSU 4.2 Bosch lambda
probe and ETAS lambda meter.

Combustion thermodynamic analysis was performed us-
ing AVL BOOST software, where measured in-cylinder
pressure was used as input data. To provide this signal
a GHI2D miniature pressure transducer from AVL was
installed directly in the engine head and connected via
charge amplifier to the test bench acquisition system. The
PC-based high speed pressure recording system was trig-
gered by an optical encoder with resolution of 3600 pulses
per crankshaft revolution and acquired signals from 100
cycles.

Table 1. Research engine parameters

Parameter Unit Value
Displaced volume cm® 498.5
Bore mm 84
Stroke mm 90
Compression ratio - 11.7
No of valves - 2
Intake valve opening location °CA aTDC 80
Intake valve opening duration °CA aTDC 130
Intake valve lift mm 3.6
Exhaust valve opening location °CA aTDC 520
Exhaust valve opening duration °CA aTDC 119
Exhaust valve lift mm 2.9

The engine was fueled with pump-grade gasoline with
95 research octane number. All experiments were per-
formed at a single rotational speed of 1500 rev./min. The
experimental matrix comprised boost pressure sweeps from
naturally aspirated conditions to approximately 0.15 MPa
intake pressure. Intake temperature was kept constant at
30°C, whereas engine cooling liquid temperature was main-
tained at 90°C. The boost pressure sweeps were repeated
for various injection schemes that provided different de-
grees of fuel reactivity (achieved via NVO injection) and
different degrees of stratification (achieved via late fuel
injection). Additionally, three overall fuel quantities were
applied providing net IMEPs at levels of 0.42 MPa, 0.58
MPa, and 0.71 MPa. During the research nearly 100 engine
operating points were investigated in terms of thermody-
namic analysis. Combustion timing parameters were de-
rived from cumulative heat release curves. Pressure rise rate
was calculated as a ratio of pressure differences between
95% mass fraction burned (MFB) and 5% MFB, and the
5%-95% MFB angular duration.

3. Results

Figure 2 shows a series of in-cylinder pressure traces for
moderate IMEP and variable intake pressure. It can be
noted that increase of boost pressure advances auto-
ignition. However, PRRs apparently stabilize. To provide
more details Fig. 3 shows heat release rate (HRR) curves
for the same set of data. It can be noted that for the exam-
ined boost sweep the peak HRR was more than doubled in
parallel with substantial auto ignition advance. Namely, an
increase in the boost pressure by 0.03 MPa resulted in an
increase in HRR from 40 to 100 J/°CA. In addition, loca-
tion of the maximum HRR was advanced by 15°CA. It
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indicates that timing of maximum reaction rate and com-
bustion duration are correlated in a way that at small vol-
umes reaction rate is higher.

Fig. 2. In-cylinder pressure at IMEP = 0.58 MPa for boost pressure be-
tween 0.11 MPa and 0.14 MPa

Fig. 3. Heat release rates at IMEP ~ (.58 MPa for boost pressure between
0.11 MPa and 0.14 MPa

Fig. 4. Combustion duration expressed as period between 5% and 95%
MEFB as a function of location of 50% MFB for all investigated conditions.
Dotted line shows in-cylinder volume

The correlation between combustion duration and com-
bustion timing parameters for all investigated conditions are
provided in Fig. 4. Additionally, Fig. 4 includes scaled in-
cylinder volume curve, showing that combustion duration
correlates with a volume, however only if the center of
combustion takes place after TDC. Thus, the larger com-
bustion chamber volume for retarded combustion, the lower
reaction rate. Additionally, it was noted by Sjoberg et al.
[12] that retarding the combustion phasing reduces the

HRR by amplifying the benefit of the naturally occurring
thermal stratification. It can also be observed from Fig. 4
that increase in fueling increases combustion rates.

The in-cylinder pressure change resulting from combus-
tion theoretically can be calculated using the first law of
thermodynamics

Ap=$[AQ(v—1)—v@>DW]’ (1

where: V is a volume of the cylinder, AQ is a gross heat
release rate and Y is a ratio of specific heats. PRR in HCCI
engine can be expressed with relatively high accuracy even
if the Eq. 1 is simplified. Namely, heat transfer can be ig-
nored as well as volumetric expansion term can be neglect-
ed, because combustion is quick, thus takes place at almost
constant volume. Considering the above, the pressure rise
rate can be estimated by the following formula:

y-nm | )

PRR =
v [A(5 -95)% MFB

where Q is the amount of chemical energy provided with
the fuel. In-cylinder volume in Eq. 2 can be considered
constant and its value at 50% MFB point can be used.

As can be noted from Eq. 2 the combustion duration is a
leading factor affecting PRR. Figure 5 shows the depend-
ence of PRR on combustion duration. It can be noted that
PRR increase progressively with increasing reaction rates
for all investigated conditions. Obviously, it can be ob-
served that the increase in the load causes the increase in
PRR. However the effect of the amount of chemical energy
would be diminished by the trade-off between 50% MFB
location and reaction rate, as shown in Fig. 4.

Fig. 5. Pressure rise rates as a function of combustion duration for all
investigated conditions

It should be noted that for HCCI combustion, the rate of
pressure increase should not exceed the range 0.5-
0.7 MPa/°CA [17]. Increase of the PRR beyond this limit
causes the engine knock. For the highest applied load it is
hardly possible to meet the harshness limit, what requires
advanced control strategies to increase the reaction rate, i.e.
optimized valve timings and reduction of boost pressure.
However, it was shown in [4] that this strategy increases
NO, emissions. For IMEP = 0.41 MPa the limit can be
easily met, allowing to optimize combustion in terms of
emissions and efficiency. For average investigated load of
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IMEP = 0.58 MPa, achieving acceptable PRR requires
extension of combustion duration to 7-8°CA.

Moreover in order to consider volume factor, Fig. 6
shows PRRs as functions of the inverse of combustion
duration and a volume at 50% MFB for all investigated
conditions. It can be noted that the measurement points are
arranged linearly, depending on the IMEP. Some scattering
of the points can result from variable thermal efficiency,
that requires different fuel’s energy to achieve given IMEP.

Fig. 6. Pressure rise rates as a function of the inverse of combustion dura-
tion and volume at 50% MEFB for all investigated conditions

Fig. 7. Pressure rise rates as a function of the indicated work divided by
combustion duration and volume at 50% MFB for all investigated condi-
tions

The result of the regression with a full set of variables,
including indicated work (W;) is shown in Fig. 7. Such
a presentation of the data shows the boundary combustion
timing parameters required to achieve acceptable PRR

level. For the highest engine load there is some number of
operating points above the trend line. It can be attributed to
an increase of specific heats ratio, because EGR decreases
at high amounts of fuel and heavy boost.

4. Conclusions
This paper explored combustion timing parameters that

are capable of maintaining permissible levels of pressure
rise rates under high load regime of HCCI engine. The
experimental matrix included various valvetrain settings,
direct fuel injection strategies and boost pressures. The
results led the authors to draw the following conclusions:

1. Combustion duration has been found to scale with in-
cylinder volume, for which 50% of mass fraction
burned appeared. This correlation occurs only if the
50% mass fraction burned of combustion takes place af-
ter TDC. It indicates that these two measures to reduce
PRR work simultaneously.

2. Increase of fueling reduces reaction time that further
contributes to increase PRRs at high engine load re-
gime.

3. For investigated conditions the range of attainable com-
binations of 50% MFB and combustion durations were
the same for all three quantities of fuel. Moreover these
combustion timing parameters appear to be a boundary
of HCCI operation.

4. Among investigated conditions, only case of IMEP =
0.41 MPa provided acceptable combustion harshness
over a wide range of control parameters, enabling com-
bustion optimization in terms of emissions and thermal
efficiency. For IMEP = 0.58 MPa only few cases laid
below the threshold of 0.7 MPa/°CA.

5. The results clearly indicate that high load HCCI opera-
tion limits result almost solely from fuel quantity. Utili-
zation of other measures to reduce PRR can widen op-
erating range in much lesser extent.

6. Further investigations into widening HCCI operation
mode towards high loads should be focused on reduc-
tion of reaction rates via higher fuel dilution and wider
spread of mixture reactivity control by variations of
NVO fuel injection.
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Nomenclature

CA  crank angle

EGR exhaust gas recirculation

HC  hydrocarbons

HCCI homogeneous charge compression ignition
HRR heat release rate

IMEP indicated mean effective pressure

MFB mass fraction burned

NO, nitrogen oxides

NVO negative valve overlap

p pressure
PM  particulate matter
PRR pressure rise rates

Q energy

TDC top dead center

v volume

Wi indicated work

y ratio of specific heats
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Simulation of concentrations harmful compounds from main ship’s propulsion
engine cooperating with a fixed pitch propeller in dynamic states

The article presents a mathematical model of a marine propulsion system and a computer program based on the LabVIEW environ-
ment. For a purpose of model construction, a ship's hull resistance was identified and an approximation equations of the Wageningen
institute for ship propellers were used. The ship's motion equations were used to build the propulsion system model. On the basis of
conducted tests of Sulzer 6AL20 / 24 marine engine, a map of concentrations harmful compounds was created in various load state and

transferred to a computer program.
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1. Introduction

In real operating conditions of vessels, almost always on
a propulsion system and a ship’s hull affect external extor-
tion, which directly or indirectly cause smaller or larger
changes in operation of a propulsion system. We distin-
guish here the extortion from a ship’s crew and determined
by weather conditions and a change of sail area.

The first type of extortion includes changes:

— aspeed of vessel,

— asail direction by overriding an engine,
— apropeller pitch,

— aposition of a rudder blade.

As result of these interactions are a change of an engine
load, and connected with it, a crankshaft speed, a propeller
force and a ship’s speed. Most of these extortions take place
on a roadstead and in port areas close to human agglomera-
tions. As a result of a dynamic load shift, there is a change
in a emission of harmful compounds into the atmosphere,
which on a scale of ship’s movement in a port area has
a significant impact on residents and human agglomerations
in coastal regions.

In addition to seagoing vessels, which leave a port area
and head towards an open sea, we distinguish special units
in a form of tugs, dredgers, pilot vessels, fishing vessels,
trawlers or other boats whose power plants operate in dy-
namic load states. The work of these vessels takes place
even around the clock. Tugboats assist in mooring and
unmooring merchant ship, or dredgers carrying out work
deepening port areas using this day in the evening, where
traffic in a port is limited.

The first part of the article presents ship’s operation
modes in port regions. Criteria for particular modes of ope-
ration of ships sailing in this area have been defined. The
concept of land supply is also presented as one of the ways
to reduce the emission of harmful compounds into the at-
mosphere by ships. The concept of “On-shore Power Sup-
ply” (OPS) has also been defined as one of the ways to
reduce the emission of harmful compounds into the atmos-
phere by ships.

The second part of the article presents the model of
a drive system, which has been implemented in the Lab-
view graphical programming environment [2].

2. Dynamic states of work in port areas

Emission of harmful compounds depends mainly on
a load of a propulsion system. The power demand is related
to manoeuvring a vessel. For sea-going vessels, there is
a direct relationship between a power generated by a pro-
pulsion system and a ship’s speed. For special units such as
tugs, dredgers, ferries, whose main mode of operation are
manoeuvres (e.g. acceleration, deceleration, mooring work,
circulations, etc.), the relationship between power and
ship’s speed is not the same. As other modes of work in
port areas, we can distinguish a berth at a wharf and the
mode of using a land supply so-called "On-shore Power
Supply” (OPS).

The speed and position of a vessel depends mainly on
the operating mode of a ship. Criteria for individual work
modes are presented in table no. 1. The Automatic Identifi-
cation System (AIS) system is an especially useful tool
when determining the speed of a ship, which provides au-
tomatic data exchange, which helps to avoid collisions
between vessels and identifies a ship for shore-based traffic
surveillance systems Vessel Traffic Service (VTS).

Table 1. Criteria defining ship operation modes [4]

Operating mode Criterion
. A ship carries out manoeuvres for mooring /
Manoeuvring .
unmooring.
. A ship stands at a wharf to rebuild a readi-
Hotelling
ness for the voyage.
Cruise A ship on a way.
Ship's operating mode, which aims to reduce
OPS the emission of harmful compounds into the
atmosphere.

Figure 1 presents sample data of ship’s traffic in
Swedish city — Goteborg. At an entrance or exit of a port it
is necessary to perform manoeuvres by ships. Therefore, in
port areas, regions are defined, which are applied to port
maps as a manoeuvring region e.g. in a form of turning
basins. In these areas it is assumed that ships reduce their
speed, accelerate or slow down. In contrast to ships stand-
ing at a wharf and using power generators, from ships car-
rying out loading or unloading operations with a exception
of their own power supply, the concept of “On-shore Power
Supply” (OPS) has been introduced.
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The “On-shore Power Supply” is a region where a ship
can completely shut off all its marine engines. OPS is also
known as:

— Coldironing system.

— Alternative Maritime Power (AMP).
— Shoreside electricity.

— Shore power.

The main goal of OPS is to reduce the emission of toxic
compounds (mainly greenhouse gases — GHG) in the port
areas. In addition, thanks to this, it can provide energy
savings and economic benefits for ship owners.

Fig. 1. Ship mode of operation in Swedish city — Goteborg [4]

3. Research facility

In the process of modelling the propulsion system, data
obtained as a result of empirical research on a SULZER
laboratory type 6AL20/24 engine were used [6]. The engine
is a linear, non-reversible, water-cooled, 4-stroke diesel
engine with direct fuel injection, turbocharging and charge
air cooling (Fig. 2). Technical data of the engine are shown
in table no. 2.

Fig. 2. Laboratory engine SULZER 6AL20/24 [8]

The main purpose of the work [6] was to prepare uni-
versal characteristics unit emissions of toxic compounds.
An exemplary characteristic is shown in Fig. 3. In the plot
of creating the characteristics, tests of concentrations of
harmful compounds were carried out using the HEXIBA
MEXA - 9130D exhaust gas analyser. The obtained data
has been filtered out from disturbances and from measuring

errors. Values of average concentrations of harmful com-
pounds emitted were obtained using the formula:

lj
Agp = izhlAi (1)

where: Aga — arithmetic average, A; — result of a measure-
ment, l; — number of measurements.

Table 2. Technical data of Sulzer 6AL20/24 engine [6]

The number of cylinders i=6
Nominal power Poom = 420 kW
Nominal speed Npom = 750 min™
Idle speed np. = 350 min™!
The diameter of the cylinder D =200 mm
Piston stroke S =240 mm
Compression e=12.7
Engine stroke volume Vg =45.2dm’*
Average speed of the piston Ce=06 ?
Cylinders work order 1-4-2-6-3-5
Maximum combustion pressure Pmax = 10.5-11.0 MPa
Fuel injection pressure pw=24.5 MPa
Individual fuel consumption 2. =212 ﬁ
Number of valves per cylinder z=4

Type of start-up pneumatic, compressed air

Based on the characteristics (Fig. 3), an emission map
was prepared, and used in the simulation of ship’s propul-
sion model (Fig. 4).

Fig. 3. Universal characteristics of the unit emission of NOx[8]

4. Ship’s propulsion model

The mathematical relationship between the individual
model blocks is illustrated in Fig. 5. This is a one-
dimensional model. It is based on two basic integrating
blocks (A and B blocks). These blocks in the simulation
model convert data from nodes to the unit's progressive
velocity and rotational speed of the drive system. The linear
velocity of a ship is calculated by integrating a difference
between a propeller thrust forces and total resistance of
a hull in simulating time. It is made by block B.

Using the second principle of Newton's dynamics, ob-
tained [7]:

d(Dv)

=2 = (T—R) @
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where: D — displacement of a ship [kg], v — speed of a ship
[m/s], T — propeller thrust [N], R — total hull resistance [N].

After integration on both sides, equations (1) were ob-
tained:

v=f%(T—R)dt+v0 3)

where: v, — initial speed of the ship [m/s].

The calculated linear velocity stays in the loop and re-
turns to the block calculating the resistance of a hull. Block
A calculates the rotational speed of a drive shaft. After re-
using the second Newton's dynamics principle [7]:

d(2-mI'n)

e = M-Q @)
where: I — moment of inertia [kg-m’], n — rotation speed
[1/s], M — engine torque [N-m], Q — propeller torque [N-m].

Integrating the equation (3) on both sides:

n = [——(M-Qdt+n, 5)

where: n, — initial rotation speed [1/s].

Fig. 4. Concentration NOx map

The dependencies 2 and 4 were used as the basis for
modelling in the programmatic environment. Figure 6 pre-
sents a program based on the Labview environment. In
addition, cooperative subprograms have been developed
whose mutual relations are necessary to carry out dynamic
simulations and they are: hull ("Hull"), gear ("Gear"), ship
engine ("Engine") and propeller ("Prop"). As an engine
speed controller, the Proportional-Integral-Derivative con-
troller (PID) has been selected, which with appropriate
settings of the gain coefficients like proportional (K,), dif-
ferentiating (K,), integral (K;) is to simulate the ship's go-
vernor. It is possible to set (reference) the rotational speed
of a propulsion system, which the PID controller used to
maintain. The governor controls an engine via a fuel rack
(modifying the fuel dose supplied to engine cylinders),
making an appropriate correction ensuring constant engine
speed, which was also used in the model. The result of

calculations made with the help of an “Engine” subprogram
is a torque, which then goes to a gear subprogram ("Gear").
Due to the set transmission ratio (in this case 1:2), the
torque value increases at a expense of a marine engine. The
results obtained in the simulation form the basis for calcula-
tions in the block propeller “Prop”, while the value of the
gear's torque returns to the sum node. As a result of the
“Prop” subprogram calculation, receives the propeller
torque (goes to the sum node) and the thrust force of the
propeller (goes to the next summation node calculating the
difference with the total resistance of the hull). In the sub-
program "Hull" the total resistance of a hull is calculated
depending on speed of a ship [3]:

R=21R(1) =RF+RVP+RW+RD (6)

where: Rg — friction resistance [N], Ryp — shape resistance
[N], Rw — wave resistance [N], Ry — remaining resistance
[N].

The propeller computational algorithm uses the approxi-
mations of a propeller B-series with a fixed pitch from the
Wageningen research institute. The derived Wageningen
polynomials determine a propeller torque and thrust coeffi-
cients depending on the blade number, propeller pitch,
diameter, expanded area and advance coefficient, also ta-
king into account the Reynolds number [1].

_ P A t

ke = fr (10 25 2 Ro.4) @)
P A t

KQ = fQ (]PD_pPA_EPZIRePE> (8)

where: J — advance coefficient, P — propeller pitch, D, —
propeller diameter, Ag — expanded area, Ay — disc area, Z —
blade number, R, — Reynolds number, t/c — blade thickness
coefficient.

Figures 9-10 presents results of simulation of concen-
trations of harmful compounds for the SULZER marine
engine type 6AL20/2, which has been implemented in
a simulated propulsion system with a fixed pitch screw.

Technical data of the ship used in the simulation were
adopted as follows:

— displacement — 300 t,

— total length — 35 m,

— breadth — 8 m,

— draught — 3 m,

— propeller diameter — 1.5 m,

— blade number — 4,

— P/D coefficient — 1.4,

- propeller expanded area — 1.8 m®.

Simulation of concentrations of harmful compounds
was carried out during the acceleration of the ship from O to
7 knots.

4. Summary

The simulation model of the marine propulsion system
presented in the article is the basis for the development of
a model of emission of harmful compounds in dynamic
change of load. It is based on emission maps that are neces-
sary to simulate concentrations of harmful compounds.
Further development of the program will include a more
detailed refinement of the model using neural networks and
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Fig. 5. Block diagram of a ship's propulsion system [6]

Fig. 6. Simulation model of a ship's propulsion in the Labview environment
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weather modules in the form of changing weather condi-
tions (wind strength) and sea states. It would also be advis-
able to evaluate its adherence based on a comparison of the
experimental results of a laboratory engine and an engine in
a marine propulsion system of a real marine vessel operated

in sea conditions during a dynamic change of load due to
port maneuvers or maneuvers closely related to the purpose
of a ship, for example, a salvage ship putting an anchorage
for diving work.
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The inventory results of pollutant emission from motor vehicles in Poland comparing to the emission of pollutants in the European
Union have been presented in the paper. The analysis is based on the official results of the pollution inventory reported to the European
Union. Emission of the following substances was considered for the years 1990-2016 for Poland and the European Union from all civili-
zation and road transport activities: carbon monoxide, non-methan volatile organic compounds, nitrogen oxides and particulate matter
consisting of fractions: total suspended particles, PM10 and PM2.5. It was observed that the share of pollutant emission from road
transport in Poland is smaller than for the entire European Union. This is especially evident in the case of particulate matter and nitro-
gen oxides. As a result of the analysis of the emission inventory in the European Union, it was confirmed that the share of motorisation
in the emission of pollutants harmful to human health is significantly smaller in Poland than in the entire European Union. Therefore,
conducting a detailed analysis of specific distance emission of pollutants from a statistical vehicle as well as extending research on

greenhouse gas emission from motor vehicles is recommended.

Key words: inventory of pollutant emission, motor vehicles

1. Introduction

Since 1990 the emission of pollutants from sectors of
civilization activity which is harmful to the health of living
organisms have been regularly inventoried in the European
Union and in most other European countries [3-8, 10, 12,
13]. Also other countries prepare an inventory of pollutant
emission, including the United States of America, Canada
and Asia [1, 2, 11]. While reports on the inventory of pollu-
tant emission from anthropogenic sources are published,
relatively few results of analyzes are issued. This is also
due to the fact that until present day the methodology for
the inventory of pollutant emission from particular sectors
of civilization activity has not been strictly unified, even in
such structures as the European Union. The structure of
pollutant emission estimation is relatively precisely unified,
inter alia due to the characteristics of emission sources [5,
8-10], but there is still a large freedom in adopting emis-
sion characteristics [9]. Also, the intensity of civilization
activity is relatively unclear, e.g. the annual mileage of
motor vehicles in elementary categories [4—7]. Despite
these reservations, data presented in published reports on
anthropogenic pollution emission are official and as such
they may be used in analyzes.

In this paper the share of pollutant emission from the
road transport sector in Poland and the European Union
over the period 1990-2016 [8, 10] has been analyzed.

Substances estimated in official reports in the Euro-
pean Union are listed below [8, 10]:

— carbon monoxide — CO,

— non-methane volatile organic compounds — NMVOC,
— nitrogen oxides reduced to nitrogen dioxide — NO,,

— ammonia — NHj3,

— total suspended particles — TSP,

— particulate matter PM10,

— particulate matter PM2.5,

— black carbon — BC,

— sulphur oxides reduced to sulphur dioxide — SO,,

— priority heavy metals: lead — Pb, cadmium — Cd and
mercury — Hg,

— additional heavy metals: arsenic — As, chromium — Cr,
copper — Cu, nickel — Ni, selenium — Se and zinc — Zn,

— persistent organic pollutants — POPs.

This article presents the results of the analysis for the
following substances: carbon monoxide, non-methane
volatile organic compounds, nitrogen oxides and particu-
late matter dimensional fractions: total suspended parti-
cles, PM10 and PM2.5.

Not all substances, analyzed in this work, are in offi-
cial reports issued in the European Union. The limitation
applies to particulate matter PM10 and PM2.5. Not all
Member States had performed inventories of these sub-
stances before 1999, inter alia Austria, Belgium and
Germany [8, 10].

The COPERT 5 software was used for the inventory
of pollutant emission in Poland for the years 1990-2016.
The following categories of motor vehicles are included
in the inventory of pollutant emission from road transport
[4-10]:

1. Passenger cars:

— gasoline passenger cars with spark ignition engine,

— liquefied petroleum gas passenger cars with spark

ignition engine,

— passenger cars with compression ignition engine,

— hybrid passenger cars.

2. Light commercial vehicles (light duty vehicles):
— light commercial vehicles with spark ignition engine,
— light commercial vehicles with compression igni-
tion engine.
3. Heavy duty trucks:

— heavy duty trucks — rigid (heavy duty container

trucks),

— heavy duty trucks — articulated (tractor units, bal-

last tractors).
4. Urban buses.
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5. Coaches.
6. Motorcycles.
7. Mopeds.

The methodology for determining the emission of to-
tal pollution from motor vehicles is compatible with [9].
The methodology for the selection of parameters for the
COPERT software is described in [4-7]. The methodolo-
gy for determining emission of pollutants from sectors
other than road transport is compatible with [7-10].

2. Results of the inventory of the analyzed pollutant

emission in the European Union and Poland

Figures 1-6 present the annual emission of pollutants
from all sectors of civilization activity and from the road
transport sector in the European Union: total — EU-T and
from motor vehicles — EU-RT, and annual emission of
pollutants in Poland: total — PL-T and motor vehicles —
—PL-RT in 1990-2016.
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Fig. 1. Annual emission of carbon monoxide: total in the European

Union — EU-T, from motor vehicles in the European Union — EU-RT,

total in Poland — PL-T, from motor vehicles in Poland — PL-RT in years
1990-2016
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Fig. 2. Annual emission of non-methane volatile organic compounds:

total in the European Union — EU-T, from motor vehicles in the Europe-

an Union — EU-RT, total in Poland — PL-T, from motor vehicles in
Poland — PL-RT in years 1990-2016
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Fig. 3. Annual emission of nitrogen oxides: total in the European Union

— EU-T, from motor vehicles in the European Union — EU-RT, total in

Poland — PL-T, from motor vehicles in Poland — PL-RT in years
1990-2016
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Fig. 4. Annual emission of total suspended particles: total in the Europe-

an Union — EU-T, from motor vehicles in the European Union — EU-RT,

total in Poland — PL-T, from motor vehicles in Poland — PL-RT in years
1990-2016
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Fig. 5. Annual emission of particulate matter PM10: total in the Europe-

an Union — EU-T, from motor vehicles in the European Union — EU-RT,

total in Poland — PL-T, from motor vehicles in Poland — PL-RT in years
1990-2016
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Fig. 6. Annual emission of particulate matter PM2.5: total in the Euro-

pean Union — EU-T, from motor vehicles in the European Union —

— EU-RT, total in Poland — PL-T, from motor vehicles in Poland —
—PL-RT in years 1990-2016

3. Results of the analysis of pollutant emission inven-
tories in the European Union and in Poland
Figures 7—12 show the share of annual emission in Po-

land from all sectors of civilization activity and from the

road transport sector comparing to the annual emission in

the European Union for pollutants: for total emission — T

and for emission from motor vehicles — RT in the years

1990-2016.

The average share of annual emission of pollutants in
Poland comparing to the annual emission in the European
Union is:

— for all sectors of civilization activity — 0.094: from
0.062 — for non-methane volatile organic compounds
to 0.120 — for particular matter PM10,

— for road transport — 0.051: from 0.032 — for particular
matter to 0.076 — for carbon monoxide.
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Fig. 7. Share of annual emission in Poland comparing to the annual

emission in the European Union for carbon monoxide: for total emission
— T and for emission from motor vehicles — RT in years 1990-2016
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Fig. 8. Share of annual emission in Poland comparing to the annual

emission in the European Union for non-methane volatile organic com-

pounds: for total emission — T and for emission from motor
vehicles — RT in years 1990-2016
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Fig. 9. Share of annual emission in Poland comparing to the annual

emission in the European Union for nitrogen oxides: for total emission —
T and for emission from motor vehicles — RT in years 1990-2016
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Fig. 10. Share of annual emission in Poland comparing to the annual

emission in the European Union for total suspended particles: for total

emission — T and for emission from motor vehicles — RT in years
1990-2016
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Fig. 11. Share of annual emission in Poland comparing to the annual
emission in the European Union for particulate matter PM10: for total
emission — T and for emission from motor vehicles — RT in years

1990-2016
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Fig. 12. Share of annual emission in Poland comparing to the annual

emission in the European Union for particulate matter PM2.5: for total

emission — T and for emission from motor vehicles — RT in years
1990-2016

Figures 13—18 show the share of annual emission from
motor vehicles in relation to total annual emission: in
Poland — PL and in the European Union — EU in 1990—
2016.
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Fig. 13. Share of annual emission from motor vehicles comparing to the
total annual emission for carbon monoxide: in Poland — PL and in the
European Union — EU in years 1990-2016

The average share of annual emission of pollutants
from motor vehicles in relation to the total annual emis-
sion is:

— for the European Union — 0.228: from 0.087 — for
particular matter to 0.414 — for nitrogen oxides,

— for Poland — 0.141 — from 0.026: for particular matter
to 0.286 — for carbon monoxide.
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Fig. 14. Share of annual emission from motor vehicles in relation to the
total annual emission for non-methane volatile organic compounds: in
Poland — PL and in the European Union — EU in years 1990-2016
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Fig. 15. Share of annual emission from motor vehicles comparing to the
total annual emission for nitrogen oxides: in Poland — PL and in the
European Union — EU in years 1990-2016
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Fig. 16. Share of annual emission from motor vehicles comparing to the
total annual emission for total suspended particles: in Poland — PL and in
the European Union — EU in years 1990-2016

In the case of carbon monoxide and non-methane vol-
atile organic compounds, there is a noticeable tendency of
reducing the share of annual emission from motor vehi-
cles in comparison to the annual emission from all sectors
of civilization activity.

4. Recapitulation

Inventory of pollutants emission from anthropogenic
sources is an effective method of assessing the environ-
mental threat posed by particular sectors of civilization

activity. A requirement to maintain the objectivity of this
assessment is development of a coherent method of esti-
mating pollutant emission from particular sectors of civi-
lization activity. Unfortunately, despite many attempts to
standardize the methodology of estimating the total emis-
sion of pollutants by individual countries, the full coher-
ence of methods applied by Member States of the Euro-
pean Union requires further development [8, 10].
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Fig. 17. Share of annual emission from motor vehicles comparing to the

total annual emission for particulate matter PM10: in Poland — PL and in
the European Union — EU in years 1990-2016
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Fig. 18. Share of annual emission from motor vehicles comparing to the
total annual emission for particulate matter PM2.5: in Poland — PL and
in the European Union — EU in years 1990-2016

Based on the study results presented above, the fol-
lowing conclusions can be drawn:

1. The share of annual emission of pollutants in Poland
in comparison to the annual emission in the European
Union is lower for road transport than for all sectors of
civilization activity. This positive trend concerns
mainly particular matters — all particle size fractions.

2. The share of annual emission of pollutants from motor
vehicles compared to the total annual emission is low-
er for Poland than for the European Union. Therefore
the actions undertaken in Poland to reduce pollutant
emission from motor vehicles are considered as effec-
tive, the more that the dynamic development of the
Polish automotive industry is not accompanied by a
noticeable increase in the analyzed share.

Nomenclature
As arsenic
BC black carbon

Cd cadmium
CO carbon monoxide
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Cr chrome PM exhaust particular matter from exhaust system
Cu copper PM10 particular matter PM10

E, annual emission PM2.5 particular matter PM2.5

Hg mercury POPs persistent organic pollutants
kpr, share RT road transport

kgt share Se selenium

NFR nomenclature for reporting SO, sulphur oxides

NH; ammonia t time

Ni nickel T total

NMVOC non-methane volatile organic compounds TSP total suspended particles
NO, nitrogen oxides Zn zinc

Pb lead
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Determining the route for the purpose light vehicles testing
in Real Driving Emissions (RDE) test

In the regulations concerning approval of light vehicles starting from September 2019 it will be necessary to conduct exhaust emis-
sions tests both on a chassis dynamometer and for real driving emissions. It is a legislative requirement set forth in EU regulations for
the purpose of the RDE (Real Driving Emissions) procedure.

To decide on the RDE route for the purpose of the LV exhaust emissions tests many requirements must be fulfilled, regarding for ex-
ample external temperature and the topographic height of the tests, driving style (driving dynamic parameters), trip duration, length of
respective test sections (urban, rural, motorway, etc.). The works on outlining RDE routes are continued across the country in various
research centres. Specifying the RDE route for test purposes, i.e. works in which the authors of this article are actively involved, has
become a major challenge for future approval surveys concerning the assessment of hazardous emissions from light vehicles and for
development studies focusing on — for example — the consumption of energy in electric and hybrid vehicles.

The test route has been chosen to ensure that the test is performed on a continual basis. Data were recorded on a constant basis with
the minimum duration of the test achieved. The test involved light vehicles and PEMS device for measuring the exhaust emissions, vehi-
cle’s speed, completed route, etc. The device was installed in such manner as to ensure that its impact on the exhaust emissions from the
tested vehicle and on the device’s operation is the least.

The vehicle load was consistent with the requirements of the standard and included the aforesaid measurement device, the driver and
the operator of PEMS. The tests were carried out on working days. The streets and roads used for the tests were hard-surfaced. Meas-
urements were performed in accordance with the requirements of RDE packages (Package 1-4), i.e. taking into account — among others

— the engine cold start.

The article discusses the method of outlining the test route fulfilling the specific requirements for RDE testing. Chosen results of ex-
haust emissions from a passenger car with a spark-ignition engine along the defined RDE test route have been provided.

The tests discussed in the article are introductory in the area of RDE tests and provide an introduction into further studies of exhaust
emissions and energy consumption in real driving conditions in conventional vehicles and vehicles with alternative engines, e.g. hybrid

and electric vehicles.

Key words: RDE, vehicle, transport, passenger cars, test, ecology, homologation

1. Introduction

The approval process of light vehicles in the European
Union comprises a procedure for the measurement of real
driving emissions generated by those vehicles. In accord-
ance with the requirements (Commission Regulation (EU)
no. 582/2011, Commission Regulation (EU) no. 2018/932)
for all new approvals the emissions of CO, THC, NMHC,
CH,, NO, is measured in RDE, which cannot exceed 1.5
times the maximum Euro VI limit [1-4].

The parameters of road tests cannot be any parameters.
It is necessary to select adequately the test route. The route
must include driving in urban, rural and motorway areas. It
is only one of the many requirements that must be met. The
scope of those requirements is presented in Table 1.

2. Moving Averaging Window method for exhaust

emissions

The Moving Averaging Window method provides an
insight on the real-driving emissions (RDE) occurring dur-
ing the test at a given scale. The test is divided in sub-
sections (windows) and the subsequent statistical treatment
aims at identifying which windows are suitable to assess the
vehicle RDE performance.

The “normality” of the windows is conducted by com-
paring their CO, distance-specific emissions with a refer-
ence curve. The test is complete when the test includes
a sufficient number of normal windows, covering different
speed areas (urban, rural, motorway). It consists of the
following steps:

— calculation of emissions by sub-sets or “windows,
— identification of normal windows,

— verification of test completeness and normality,

— calculation of emissions using the normal windows,
— specifying dynamic trip parameters.

The instantaneous emissions must be integrated using
a Moving Averaging Window method, based on the refer-
ence CO, mass (Fig. 2). The principle of the calculation is
as follows: the mass emissions are not calculated for the
complete data set, but for sub-sets of the complete data set,
the length of these sub-sets being determined so as to match
the CO, mass emitted by the vehicle over the reference
laboratory cycle (WLTC). The moving average calculations
are conducted with a time increment corresponding to the
data sampling frequency (usually 1 Hz). These sub-sets
used to average the emissions data are referred to as “aver-
aging windows”. The calculation described in the present
point may be run from the last point (backwards) or from
the first point (forward).
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Table 1. Specific requirements regarding RDE tests [1-4]

Parameter

Requirements

Ambient temperature (T,)

normal range: 0°C < T, < 30°C

lower extended range: -7°C < T, < 0°C

upper extended range: 30°C < T, <35°C

Topographic height of test areas (h)

normal range: h <700 m a.s.l.

extended range: 700 <h <1300 m a.s.l.

Impact of external weather and road parame-
ters and the driving style

accumulated height increase: less than 1200 m/100 km

(RPA): greater than RPA,, (in all driving conditions)

product of acceleration and speed (V - apos): less than v + apos min (in all driving conditions)

Thermal condition of the vehicle prior to tests

cold start: coolant less than 70°C, time of at least 300 s

emission upon cold start not included in RDE test

Single vehicle downtime

no more than 180 s

Exhaust after-treatment system’s operation

single regeneration of PM filter can result in RDE test repetition; two regenerations are
included in the results of exhaust emissions in RDE test

Driving comfort system operation

used normally according to purpose (e.g. air-conditioning system)

Vehicle load

weight of vehicle: driver (and passenger) and test equipment; max. load < 90% of the
sum of weight of passengers and vehicle’s usable mass

Test requirement

duration 90-120 min

Requirements for the urban test part

29-44% of the entire test length

distance more than 16 km

speed (v): v <60 km/h

average speed: 15-40 km/h

break: 6-30% of the total urban time

Requirements for the rural part

23-43% of the entire test length

distance: greater thanl6 km

vehicle’s speed (v): 60 km/h < v <90 km/h

Requirements for the motorway part

23-43% of the entire test length

distance: greater thanl6 km

vehicle’s speed (v): v>90 km/h

driving speed of more than 100 km/h for at least 5 min

driving speed of more than 145 km/h for at least 3% of the time

Mmeo,(tj — At) — Mo, () < Mooy rer < Meo,(ta) — Meos(ts )

@

where At is the data sampling period (1 s or less).

The reference points P, P, and P; (Fig. 3) required to define

the curve shall be established as follows:

— P2 vp; = 19 ki/h (average speed of the 1 Low Speed
phase of the WLTP cycle),

— bcoyp; — on-road emission of CO, [g/km] of 1 Low
Speed phase of the WLTC phase increased by 20%,

Fig. 2. Definition of CO, mass based averaging windows [1-4] - Pyvp, = 56.6 km/h (average speed of the 3 High Speed

phase of the WLTP cycle),

Duration of i-window average (t,; — t;;) is determined - bco,p, — on-road emission of CO, [g/km] of 3 Low

according to the following formula (Fig. 2):
mcoy(tzj) — Mcoy(trj) = Meoy, ref

where: mco,(tij) — is the CO, mass measured between the  _

Speed phase of the WLTC phase increased by 10%,
(1) — Psrvpy =923 km/h (average speed of the 4 Extra High
Speed phase of the WLTP cycle),
bco,p; = on-road emission of CO, [g/km] of 4 Low

test start and time (t;), [g]; Mcoyrer — is the half of the CO, Speed phase of the WLTC phase increased by 5%.

mass ['g] em%tted by the vehicle over the WLTP cycle (type The CO, emissions are calculated as a function of the
I test, including cold start); t,; — shall be selected such as: average speed using two linear sections (P;, P,) and (P, P;).
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The section (P,, P;) is limited to 145 km/h on the vehicle
speed axis.

Fig. 3. Vehicle CO, characteristic curve

Urban windows are characterized by average vehicle
ground speeds smaller than 45 km/h, rural windows are
characterized by average vehicle ground speeds greater than
or equal to 45 km/h and smaller than 80 km/h, motorway
windows are characterized by average vehicle ground
speeds greater than or equal to 80 km/h and smaller than
145 km/h. The primary tolerance and the secondary toler-
ance of the vehicle CO, characteristic curve are respectively
tol; = 25% and tol, = 50%. The test shall be complete
when it comprises at least 15% of urban, rural and motor-
way windows, out of the total number of windows. The test
shall be normal when at least 50% of the urban, rural and
motorway windows are within the primary tolerance de-
fined for the characteristic curve. If the specified minimum
requirement of 50% is not met, the upper positive tolerance
tol; may be increased by steps of 1% until the 50% of nor-
mal windows target is reached. When using this mecha-
nism, tol; shall never exceed 30%.

Having ascertained that the test is complete, the weigh-
ing factor for each window shall be determined in the fol-
lowing tolerance ranges:

= if the window falls within the 1* degree tolerance,

i.e.

tol tol
b l-——L |<b., . <b 1+—L 3
C02[ IOOJ CO, i C02[ IOOJ A

the weighing factor shall be equal 1.
= if the window falls within the tolerance range from
+25% to +50%, i.e.:

tol tol
b l+—L |<b., . <b 1+—= 4
C02[ IOOJ CO,,i C02[ IOOJ “)

its weighing factor shall be determined with the following
formula:

W:k11h+k12 (5)

1 _ tol,
) a - >
tol, —tol, 2 tol, —tol,

— if the window falls within the tolerance range from —50%
to —25%, i.e.:

where: k| =

tol tol
ben | 1=—= |€bry  Sbeq | 1-—- 6
C02[ IOOJ CO, i C02[ IOOJ (©)

its weighing factor shall be determined with the following
formula:

W= k21 h + k22 (7)

1 tol,

where: k21 -—a k22 :m,
2 1

tol, —tol,

— if the window falls below tolerance range —50% or above
+50%, i.e.:

tol tol
beo, i Sbco, [1 _F(z)j or beg ; 2beg, [1 +F(2)J 3

its weighing factor is w = 0.
The value of h for every window is determined based on
the following formula:

b~y -b
h=100] —22a €02 ©)
bCO7

After the weighing factor for every window is deter-
mined, it is marked on the chart where every weighing
factor (w) is marked on the y axis, tolerance percentage (h)
on x axis (Fig. 4).

Wi

Fig. 4. Averaging window weighing function [1-4]

After all those steps are performed, the CO, on-road
emissions for every window are illustrated on the character-
istic curve chart (Fig. 5).

Urban route Rural route Motorway route

bcoa [8/km]

Fig. 5. Vehicle CO, characteristic curve with CO, emissions in respec-
tive windows, during on-road tests [1-4]
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Next the severity indices shall be calculated separately for
the urban (m), rural (p) and motorway (a) categories by
summarising windows for a particular category (hy) and
dividing by the total number (N), e.g. for the urban category:

th,kzm,p,a

u= (10)
N
and the complete trip:
f.h, +fh +fh,
u= 1)

f, +f, +f,

where: f,, =0.34, f, =0.33, a f, =0.33.

In the end the distance-specific emissions in [mg/km]
are calculated for the complete trip each gaseous pollutant
in the following way:

fubim T1,b;, +,b;,
b; =1000 J—= . - 12)
f, +f, +f,
and for the on-road emission of particulate matter:
f . bpym 1,0 +1f,bpy,
by = PN, pOPN,p PN, (13)

f, +f, +f,

To determine dynamic trip parameters the following
must be determined: value of 95 centile of the product of
driving speed and positive acceleration greater than 0.1
m/s” (expressed in m?/s’) and relative positive acceleration
(expressed in m/s”) for urban, rural and motorway shares.

The value of the 95" centile of the product (v - a;) —
formulated as (v * a.)x_os] — is determined in the following
manner: value of products (v - a,);x in every test part (k —
urban, rural and motorway share) is categorised in a grow-
ing order for all data sets of a; > 0.1 m/s’ (number of data
sets must be greater than 150) and the total number of win-
dows Ny is determined.

In the next step the centile values are allocated to the
product (v - a,)ix in the following manner: the lowest value
of the product (v * a,) has centile of 1/Ny, the second lowest
— 2/Ny, the third lowest — 3/Nj, and the highest value —
Ni/Ni = 100%. Value (v - a)x [95) stands for (v - a.);y, for
which j/Nx = 95% (j — successive value of product of speed
and positive acceleration). If j/Ny = 95% cannot be
achieved, then (v - a,)x_[9s5) 1S determined based on line in-
terpolation of successive samples j and (j + 1), for which
J/Nk <95% and (j + 1)/Ni > 95%.

The validity of the trip is verified for every urban, rural
and motorway share. If the value of (v - a,)x_os; meets the
equation for every test step (Fig. 6a):

(VIR )y (o5) < 0,136 'k +14,4 for v < 74,6km/h (15)

(VO )y o5 <0,0742 i +18,966 for vi > 74,6 km/h (16)

the trip is valid.
RPA - relative positive acceleration for every step of
the test is determined based on the following formula:

Ny
D Atdvid,),,

RPA, =L (14)

di,k

=l

where: RPA, — relative positive acceleration for urban, rural
and motorway shares, m/s”, At — data sampling period (1 s),
Ny — number of windows for urban, rural, and motorway
shares with positive acceleration, L — total number of win-
dows for urban, rural, and motorway shares.

If RPA; value meets the equation for every test step —
Eq. (14):

RPA >-0,0016 i +0,1755 for vk < 94,05 km/h (15)

RPA >0,025 for vi >94,05km/h (16)

the trip is valid.

3. Determing the test route

Several driving trips were performed in order to outline
the test route. Three test vehicles were used to perform the
trips. Technical data of those vehicles are presented in Ta-
ble 2 below.

Table 2. Parameters of vehicles used to delineate RDE route

Vehicle I Vehicle II Vehicle 11
Production year 2017 2008 2017
Engine displacement 1598 cm’ 1798 cm’ 1502 cm’
Drive unit power 100 kW 92 kW 105 kW
Type of fuel Diesel oil Petrol Petrol
Vehicle category Ml Ml Ml
Vehicle mass 1375 kg 1340 kg 1690 kg

After every attempt to outline the trip route, an analysis
of the resulting data was performed, based on which it was
determined whether its requirements were met. PEMS-
Semtech DS measuring equipment — among others — was
used for this purpose [5—7]. Table 3 and Table 4 presents
parameters of the test trips.

Having fulfilled requirements for a route, a series of
measurements was carried out to verify the accuracy of the
obtained results. The outlined test route is shown in Fig. 6
below.

Fig. 6. Test route
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Table 3. RDE test parameters — test example (unfulfilled test)

Table 4. RDE test parameters — test example (fulfilled test)

Test accuracy Test accuracy

Test parameter Result Requirement Correctness Test parameter Result Requirement Correctness
Urban route [km] 27.78 > 16 Correct Urban route [km] 32.51 > 16 Correct
Rural route [km] 20.76 >16 Correct Rural route [km] 28.42 >16 Correct
Motorway route [km] 14.49 >16 Incorrect Motorway route [km] 29.21 >16 Correct
Overall route [km] 63.04 > 48 Correct Overall route [km] 90.14 > 48 Correct
Urban share [%)] 44.07 29-44 Incorrect Urban share [%)] 36.06 29-44 Correct
Rural share [%)] 32.94 33 %10 Correct Rural share [%)] 31.53 33 %10 Correct
Motorway share [%] 22.99 3310 Incorrect Motorway share [%] 32.41 3310 Correct
Average speed in urban 31.80 15-40 Correct Average speed in urban 33.29 15-40 Correct
route [km/h] route [km/h]
Share of downtime 16.18 6-30 Correct Share of downtime 13.54 6-30 Correct
in urban route [%)] in urban route [%]
Trip time above 7.13 >5 Correct Trip time above 14.57 >5 Correct
100 km/h [min] 100 km/h [min]
Max. driving speed 126.00 <160 Correct Max. driving speed 128.00 <160 Correct
[km/h] [km/h]
Trip time above 0.00 <3 Correct Trip time above 0.00 <3 Correct
145 km/h 145 km/h
Duration of trip [min] 77.97 90-120 Incorrect Duration of trip [min] 97.95 90-120 Correct

Dynamic test conditions Dynamic test conditions
Urban: number of data 956 > 150 Correct Urban: number of data 1039 > 150 Correct
a>0.1 m/s’ a>0.1 m/s’
Rural: number of data 272 > 150 Correct Rural: number of data 393 > 150 Correct
a>0.1 m/s’ a>0.1 m/s’
Motorway: number 140 > 150 Incorrect Motorway: number of 309 > 150 Correct
of data a > 0.1 m/s” data a > 0.1 m/s’
Urban: average speed 31.80 Urban: average speed 33.29
[km/h] [km/h]
Rural: average speed 70.26 Rural: average speed 71.54
[km/h] [km/h]
Motorway: average 111.24 Motorway: average 112.84
speed [km/h] speed [km/h]
Urban: 95" centile 12.27 < 18.765 Correct Urban: 95" centile 13.92 < 18.968 Correct
V.apes [mz/s3] V.apos [mz/s3]
Rural: 95" centile 16.42 <23.995 Correct Rural: 95" centile 18.36 <24.170 Correct
V.apes [mz/s3] V.apos [mz/s3]
Motorway: 95" centile 15.43 <27.220 Correct Motorway: 95" centile 18.60 <27.338 Correct
V.apos [mz/s3] V.2pos [mz/s3]
Urban: RPA [m/sz] 0.14 >0.125 Correct Urban: RPA [m/sz] 0.14 >0.122 Correct
Rural: RPA [m/sz] 0.06 >0.063 Correct Rural: RPA [m/sz] 0.07 >0.061 Correct
Motorway: RPA [m/sz] 0.06 >0.025 Correct Motorway: RPA [m/sz] 0.08 >0.025 Correct

The specified test route fulfils the requirements imposed
by the legislator. It supplements the WLTC test procedure.
The test route is characteristic for Warsaw and allows for
conducting studies on emissions consistent with the re-
quirements of the prevailing WLTC procedure.

4. Summary

Further RDE tests along the outlined route shall be per-
formed to compare the results obtained from the Averaging
Window Method and from other methods of determining
exhaust emissions in on-road tests, i.e. the method using all
measurement data and power binning method.

Nomenclature
BEV Battery Electric Vehicle
EV Electric Vehicle

FCEV  Fuel Cell Electric Vehicle
NEDC  New European Driving Cycle

RDE  Real Driving Emissions
WLTP Worldwide harmonised Light Duty Vehicle Test
Procedure
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The influence of non-normative fuel on its operational properties

Fuels that do not meet the requirements of quality standards cannot be used to power vehicle engines. The work involved physico-
chemical analyses of non-normative fuel and its effect on the operational properties of the powered vehicle. The research fuels were two
gasolines, characterized by a reduced resistance to oxidation processes due to their long-term storage. The results were compared to the
properties of conventional fuels that met all normative requirements. The studies have shown that the fuel slightly deviating from the
standard parameters does not noticeably affect the useful properties of the vehicle.
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1. Introduction

All UE countries are obligated to keep 90-day interven-
tion stocks of crude oil as well as liquid fuels and 30-day
intervention stocks of natural gas. In Poland, these require-
ments are regulated by the act from 2007 year on crude oil
reserves, petroleum products and natural gas [1]. The in-
creasing demand for gasoline and diesel oil causes that the
strategic reserves of fuels also should increase. The fuels
intended for storage and to later use of them in vehicles
need to meet requirements regulated by the act on the sys-
tem of monitoring and controlling the quality of fuels [2].
The quality requirements for gasoline are specified in the
EN 228 standard and for diesel oil in the EN 590 one. The
specifications for fuels are more and more restrictive, so the
retention of their quality during long-term storage is prob-
lematic. During storage process the properties of fuels dete-
riorate as a results of changes occurring in their chemical
structure. The changes are caused by different factors as:
chemical composition, atmospheric conditions, presence of
inhibitors or activators of oxidation reactions and type of
the storage tank. The presence of oxygen and free radicals
lead to autoxidation, polymerization and condensation of
fuels compounds. As a result of these processes the gums
are formed and the stability of fuels is decreased [6, 8, 9]. It
is difficult to specify universal mechanism of oxidation of
petroleum products and in the literature we can find many
theories concern this process [4]. The reason of such situa-
tion is — among others — complex and different chemical
structure and sensitivity to degradation processes of the
fuels. Moreover, addition of biocomponents to the fuels
(FAME to diesel and bioethanol to gasoline) accelerates
oxidation and caused that these mechanism are different
and more complex [3, 5, 7]. In order to minimize adverse
phenomena during fuel storage, various types of additives
are added at the stage of its production. The additives im-
prove — among others — chemical stability, resistance to
corrosion and growth of microorganisms as well as low
temperature properties of fuels.

Fuels that do not meet all quality requirements must not
be used to power vehicle engines. Under the current regula-
tions, such fuels should be disposed as hazardous waste.
For this reason, in the literature, there is no research on the
impact of aged fuel after long-term storage on behavior of
the vehicle. The authors of this paper conducted research to

determine the influence of non-normative fuel on opera-
tional properties of the vehicle.

2. The research object and methods

Authors investigated the influence of non-normative
fuel on the operational properties of vehicles. The tests
were carried out at the Automotive Industry Institute
(PIMOT) in Warsaw. The research materials were two
fuels:

— 95 octane gasoline, containing up to 5% (v/v) bioetha-

nol (denoted as Pb 95),

— 98 octane gasoline, without bioethanol, containing about

12.6% (v/v) ETBE (denoted as Pb 98).

The physicochemical properties of tested gasolines ac-
cording to the EN ISO 228 standard were performed before
operational tests. The tests were carried out in the PIMOT
Analytical Laboratory. Both gasolines did not meet the
requirements for the existent gum content of fuel, as shown
in Table 1. In terms of other fuel parameters, the tested
gasolines met the requirements of the EN ISO 228 standard.

Table 1. Parameters that were not met by tested gasolines

Parameter Fuel Test result Stgndard
requirements
The existent gum con- Pb 95 22
max 5
tent [mg/100 ml] Pb 98 20

Operational tests were conducted in the PIMOT Vehicle
Research Laboratory and in the PIMOT Vehicle Control
Station. The following parameters were tested:

— fuel consumption and effective power of the engine, on
the Schenk Komeg EMDY 48 chassis dynamometer,

— exhaust emissions from vehicle engine (CO, CO,, HC,
NO,) at idle speed and at speed above idle, using the
Capelec CAP 3201-4GAZ flue gas analyser,

— dynamic acceleration of the vehicle in the following
speed ranges: (0—100) km/h, (60-100) km/h on the third
gear and (80-120) km/h on the fourth gear, using the
RaceLogic device.

The tests were carried out for two years, on two selected
vehicles, with spark ignition engines and with similar tech-
nical parameters, presented in Table 2.

The obtained test results were compared with the results
for the reference fuel, which was a commercial gasoline
that met the requirements of the EN 228 standard. Addi-
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tionally, to check the influence of non-normative fuel on
the lubricating oil properties, the samples of engine oil were
tested during operational tests.

Table 2. Technical data for tested vehicles

Parameter Vehicle 1 Vehicle 2
Brand Skoda Skoda
Model Octavia Octavia
Body styles Sedan Sedan
Year of production 2005 2005
Type of fuel Gasoline Gasoline
Mileage [km] 301 887 279 897
Engine capacity [cm’] 1781 1781
Nominal power of engine [kW] 110 110
Top speed [km/h] 217 217

Physical and chemical tests of the oil were carried out in
the PIMOT Analytical Laboratory. The samples of lubricat-
ing oil were collected periodically during each engine oil
change. The lubricating oil was changed after changing the
test fuel. Changes in the properties of the oil were com-
pared with the parameters of fresh oil and oil obtained after
the reference fuel operational test. During operational tests
the fully synthetic commercial engine SW-40 class oil was
used to lubricate the engines of both tested vehicles. The

The test results presented in Tables 4 and 5 indicated
that there was no correlation between the concentration of
exhaust components and the type of fuel used. Average
concentrations of exhaust components were within follow-
ing limits:

— CO: (0.05-0.23)% v/v for vehicle 1 and (0.05-0.59)%

v/v for vehicle 2,

— HC: (26.5-94.5) ppm for vehicle 1 and (10.0-90.5) ppm

for vehicle 2,

— NOy (10.0-82.5) ppm for vehicle 1 and (13.0-76.5)

ppm for vehicle 2.

Values of concentrations of exhaust gases components,
recorded during supplying the engine with non-normative
fuels, were within wide limits. Results of emission for the
reference fuel also were within these limits. It has to be
borne in mind, that the analyses for the reference fuel were
carried out only once (prior to the commencement of opera-
tional tests). According to the Authors, it is likely that in the
next test for reference fuel, the concentration of exhaust
gases components would also be different (as in the case of
non-normative fuels).

Table 5. Average concentration of the exhaust gases components from

. hicle 2
tested parameters of oil samples and used test methods are vemee
: Number
presented in Table 3. No. |Type of fuel | of kilome- 0co 0co2 HC NO, N
ters [% v/v]| [% v/v] |[ppm v/v] |[ppm V/v]

Table 3. The tested parameters of oil samples and used test methods 0 Reference| 14 884 032 | 147 39.0 31.0 1.060
Parameter Method 1 PB 95 16111 0.06 | 15.5 24.5 40.0 1.030
Kinematic viscosity at temperature 100°C ENISO 3104 2 PB 95 16 796 0.08 | 15.6 20.0 22.5 1.060
Kinematic viscosity at temperature 40°C ENISO 3104 3 PB 95 17907 037 | 142 28.5 76.5 1.035
Contamination content Own method 4 PB 95 19011 029 | 13.7 36.5 53.0 1.024
Fuel content PN/C-04083 5 PB 95 19 831 0.59 | 139 18.5 13.0 1.060
Carbon residue — Micro method EN ISO 10370 6 PB 95 22 060 0.12 | 15.6 10.0 15.0 1.007
Flas[? Zomt — Pensky-Martens closed cup EN ISO 2719 7 PB 95 23785 0.10 | 155 17.0 23.5 1.015
metho 8 PB 95 27993 0.08 | 15.5 46.5 13.5 1.008

3. Research results 9 PB 95 33207 0.32 | 147 15.0 70.0 1.008
Table 4 presents the average results of the concentration 10 | PBO8 | 36118 0.17 | 153 | 47.0 | 160 | 1.028

of particular components of the exhaust gases, obtained from 11 | PBO8 | 40625 009 | 156 | 520 | 280 | L.OI3
the vehicle 1, while in Table 5 from the test of vehicle 2. 12 PBO8 | 44613 012 | 157 | 130 | 295 | 1010
13 PB 98 50 697 0.05 15.7 90.5 28.0 1.010

Table 4. Average concentration of the exhaust gases components from
vehicle 1

Data in Tables 4 and 5 also indicate differences in gas

No. | Typeof | Numberof | CO | CO HC | No, N concentration values for the same fuel (reference or non-
] fuel kilometers | [% v/v]| [% v/v] [ppm v/v]|[ppm v/v] normative) for different vehicles and for different measu-
0 Reference| 15569 | 0.09 | 154 | 495 | 200 | 1.035 rement periods. These differences may be the result of
1 PB 95 16 969 023 | 150 84.5 58.0 1.085 many factors, including e.g.
2 | PBY9S 19545 | 005 | 152 | 415 | 21.0 | 1.032 — age of the vehicle (over fourteen years old),
3 | PBY95 | 23993 | 0.15 | 149 | 680 | 425 | 1.023 |  — getting of engine control parameters,
4 | PBY9S 26012 | 001 | 157 | 470 | 105 | 1011 — variable climatic periods of tests conducting (different
5 | PBYS 27204 | 013 ] 156 | 650 | 630 | 0.998 conditions of vehicle operation depending on the sea-
6 PB 95 30 040 0.11 15.6 39.5 72.5 1.002 son)
7 | PB9S 31420 | 002 ) 158 | 37.0 | 100 | 1.007 — accuracy and sensitivity of used measuring device,
8 | PBO8 33953 1017 ) 153 | 945 | 825 | 0999 — measurement methods (location of the measuring
9 PB 98 36 186 0.02 | 155 42.5 22.0 1.009 be)
10 PB 98 44 454 0.04 | 159 29.0 325 1.005 oty
- : . : . — different chemical composition of fuels, which could
11 | PBOS 46744 | 010 | 157 | 595 | 125 | 1005 have translated into the different course of the combus-
12 PB 98 48 703 0.05 | 14.6 46.0 33.0 1.000 tion process of fuels
13 | PBO8 S1919 ] 013 | 157 | 265 | 680 | 1.000 During the operational tests, the vehicles acceleration
time also was measured. The average results of these mea-
68 COMBUSTION ENGINES, 2019, 178(3)
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surements are presented on Fig. 1. On the base of research
results concerning the vehicles acceleration time it has been
stated that there is no significant influence of non-
normative fuels on that parameter. The vehicle acceleration
times for both vehicles supplied with non-normative fuels
were similar, for three different speed ranges and through-
out the research period, to these measured for vehicles
fuelled with reference fuels.

a)

b)

Fig. 1. Average acceleration time of vehicles for: a) vehicle 1, b) vehicle 2

Research results of physicochemical properties of en-
gine oil samples collected during operational test are pre-
sented in Tables 6 and 7. Based on the obtained results, it
was found that no significant changes in all tested parame-
ters of lubricating oil occurred during operational tests of
non-normative fuels in comparison to the reference fuels.
Observed changes are typical for used lubricating oil. The
samples of engine oil from both vehicles had lower viscosi-
ty and ignition temperature value, especially of in case of
vehicle 2, what was caused by presence of fuel entered the
lubrication system. The content of contamination presented
in all oil samples remained low and was at similar level like
in fresh oil.

In comparison with fresh engine oil, we observed slight
decrease in carbon residue value for all samples of oils after

driving tests. This parameter describes the tendency of
lubricating oil to form carbonaceous deposits under degra-
dation conditions. The ability to form carbon residue is
related to the chemical composition of the oil, especially to
the presence of unsaturated, macromolecular chemical
compounds. Slight deterioration of this parameter means
that used during tests lubricating oil retains its protective
properties for a long time and aging processes of oil occur-
ring slow.

Table 6. Physicochemical properties of engine oil samples collected during
operational test of vehicle 1

Parameter Fresh oil Sample

Type of fuel - Reference| PB 95 PB 98
V100 [mm?/s] 13.50 12.12 12.40 12.16
V40 [mm?/s] 84.02 77.86 82.13 78.16
SZ?E}“;?MW content | 0,005 | <0.005 | <0.005 | <0.005
Carbon residue [%, m/m] 1.14 1.68 1.68 1.82
Fuel content [%, v/V] 0 2.4 2.0 1.8
Flash point [°C] 240 193 230 240

Table 7. Physicochemical properties of engine oil samples collected during
operational test of vehicle 2

Parameter Fresh oil Sample

Type of fuel - Reference| PB 95 PB 98
V100 [mm?/s] 13.50 13.22 13.07 12.55
V40 [mm?/s] 84.02 83.70 80.92 78.41
SZ’“E}“;?&“O“ content 1 0005 | <0.005 | <0.005 | 0.005
Carbon residue [%, m/m] 1.14 1.86 1.86 1.74
Fuel content [%, v/V] 0 1.6 1.4 1.4
Flash point [°C] 240 222 236 232

4. Conclusions
During two-year operational tests, vehicles fuelled with
aged fuels has travelled an average of approximately 51,000
km. During operational tests on a selected group of vehi-
cles, no negative impact of the tested non-normative gaso-
lines on the operational properties of vehicles was found.
There were no observed:
— faults,
— problems connected with starting the engine,
— excessive smoke during start-up or heating up of engine,
— deterioration of the acceleration dynamics of tested
vehicles
— deterioration of physicochemical properties of engine
oil and its losses during operational test.
Performed tests have shown that fuel, which slightly
deviates from the normative requirements, does not notice-
ably affect the useful properties of the vehicle.

Nomenclature

CO carbon monoxide

CO, carbon dioxide

EN European Norm International

ETBE  ethyl tert-butyl ether

FAME fatty acid methyl esters

HC hydrocarbons (equivalent of hexane C¢H,4)

ISO Organization for Standardization
NOx nitrogen oxides

ON diesel oil

ON BIO diesel oil with FAME

Pb 95 unleaded 95 octane gasoline

Pb 98 unleaded 98 octane gasoline
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Evaluation of the effect of the addition of bioethanol to gas oil
on coking diesel engine injector terminals

The article presents the results of empirical research and their analysis regarding the impact of diesel oil and diesel oil mixture with
bioethanol on coking the test injector nozzles of the XUD9 engine from PSA. The research included three fuel deals: diesel fuel as the
base fuel and diesel oil mix with ONEI0 bioethanol (10% bioethanol plus diesel oil (V/V)), ONE20 (20% bioethanol plus diesel oil
(V/V)). They were conducted on the basis of CEC PF-023 developed by CEC (Coordinating European Council). Each of the above-
mentioned fuels was tested using a new set of injectors. The propensity of the fuel for coking the injector tips was expressed as
a percentage reduction in the air flow through the nozzles of each injector for the given sheer increments. The test result was the average
percentage of airflow reduction for all nozzles at 0.1 mm spike increments and was measured according to ISO 4010 "Diesel engines.
Calibrating nozzle, delay pintle type”. The test results for individual atomizers of the above-mentioned test engine in the area of sediment
Sformation from flowing fuel shown a lower tendency to coke the injectors using diesel fuel-bioethanol in comparison to the use of pure
diesel oil. Based on the CEC PF-023 test, it can be noticed that the level of contamination of the tested injectors for ONE10 fuel is about

3% lower, and for ONE20 fuel is about 4% lower than the level of pollution for diesel fuel.

Keywords: injection coking, combustion, fuel plant, environmental protection, engine diagnostics

1. Introduction

More and more stringent emission standards force the
automotive industry to conduct research and seek technical
solutions to ensure the least possible harmful effect of vehi-
cles on the natural environment [6, 8, 17, 18].

For manufacturers of internal combustion engines, the
main goal is to reduce noise, fuel consumption and emis-
sions of toxic exhaust components — mainly from compres-
sion-ignition engines. One solution may be to supply com-
bustion engines with fossil fuels with the addition of
biofuel, which may be bioethanol [4]. The preparation of
such a mixture and its application may reduce the emission
of selected components of toxic fumes to the atmosphere
[3, 16]. The great advantage of this type of fuels is also
their availability. Mainly due to the fact that parts of such
a fuel mixture are produced from renewable sources, which
are subject of regeneration [2, 7, 14, 21]. One of the areas
of research on bioethanol is its impact on the formation of
the IDID (Internal Diesel Injector Deposit).

The internal injector deposition (IDID) phenomenon re-
duces the dynamics of internal injector working parts or
their complete blocking. It may causes damage to important
components of the engine's fuel supply system [5, 9, 11,
13].

Therefore, a test for coking injectors is very important
in the preliminary processes of fuels intended for later
commercial use. Thanks to it, we are able to determine the
capping of nozzle tips that can cause problems with starting
the engine, an uneven operation of the engine, uncontrolled
changes in power and torque of the engine, and even its
unexpected stop. As a consequence, it has an impact on the
durability of the engine's fuel supply system and its opera-
tional parameters, such as the amount of fuel consumption
or the level of emissions of selected toxic components of
exhaust gases into the atmosphere [12, 15, 20].

2. Research purpose

The aim of the research is to analyze and evaluate the
coking of the ends of injectors a self-ignition engine pow-
ered with liquid fuels of alternative vegetable origin. Empirical
studies were carried out for diesel oil (ON) and a mixture of
this fuel with bioethanol: ONE10 (10% bioethanol plus diesel)
and ONE20 (20% bioethanol plus diesel). The tests were car-
ried out on a test bench equipped with the XUD9A test engine
used for this type of research by many research centres. The
tests included assessing the degree of coking of atomizers in
accordance with the CEC PF-023 procedure.

3. Physicochemical properties of fuels

For proper operation of the combustion engine, fuel
with strictly defined physical and chemical properties is
needed. Power systems have properties and constraints
related to their construction and control, which are adapted
to the appropriate physicochemical properties used in fuel
engines [1, 10, 19].

For empirical studies, diesel oil (ON) and bioethanol (E)
were used as a component of the mixture. Table 1 presents the
physicochemical properties of the basic fuels used in the tests.

Table 1. Basic physicochemical properties of engine fuels used in tests

COMBUSTION ENGINES, 2019, 178(3)

Parameter Unit Diesel fuel Bioetha-

nol
Cetane number - 51.2 10
Heat value MJ/kg 424 273
Density at 15°C g/em’ 0.836 0,795
Kinematic viscosity mm’/s 2.92 0.93
Surface tension N/m 3,63-102 -
Flash-point °C 13 —
Cloud point °C -16 -
The temperature of blocking °C -34 -
the cold filter
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Table 1cont.

Parameter Unit Diesel fuel Bioetha-
nol
Average elementary composi- %
tion 87.3 52.2
C 12.7 13.7
H 0 34.1
(6]
Sulfur content S mg/kg 8 -
‘Water content mg/kg 43.5 -
Solid impurities content mg/kg 4 -
Coke residue in a 10% distilla- %(m/m) 0.02 -
tion residue
Research on the corrosive 1 -
effect on copper plates

In addition to diesel fuel, a test mix of this fuel with de-
hydrated bioethanol with the following composition was
also used:

— ONEIO - 89% ON + 0.4% Rokanol O3 + 0.6% Rokok

L3S + 10% Bioethanol (E-diesel),

— ONE20 - 78% ON + 1% Rokanol O3 + 1% Rokanol

L3S + 20% Bioethanol (E-diesel).

The examined physicochemical properties of the above-
mentioned mixtures are presented in Table 2.

Table 2. Selected physicochemical properties of mixtures

Parameter Unit Value

ONEIL0 ONE20
Flash-point °C 34 32
(open crucible)
Cloud point °C <+23 <+23
Density at 15 °C kg/m® 832.5 828.2
Kinematic viscosity at 40 °C | mm?%/s 243 2.27

Blends of diesel oil with bioethanol: ONE10 (10% bio-
ethanol plus diesel) and ONE20 (20% bio-ethanol plus
diesel) can be, due to their physicochemical properties,
substitute fuels for diesel.

4. Research stand and test method
The research stand included:

— XUD9YA research engine,

— Schenck W400 electromagnetic brake with a controller
enabling constant engine speed,

— Electronic servomotor for setting the injection pump,

— Air consumption measurement system consisting of a
laminar flow meter type E 7035 and a pressure differ-
ence meter type MK1,

— Standard systems for measuring speed, torque, fuel
consumption, oil and coolant temperature, and other de-
vices that meet the requirements of PN-88/S-02005,

— Device for determining injector opening pressure from
L. Hartridge Ltd,

— Device for measuring atomizer throughput in accord-
ance with ISO 4010.

The empirical studies of coking of injectors were carried
out on a test stand at the Vehicles Institute, Warsaw Uni-
versity of Technology, which is shown in Fig. 1. The sedi-
ment formation was evaluated on the basis of CEC PF-023
tests using a new set of injectors for each fuel tested.

The scope of the measurements included the assessment
of the degree of coking of the nozzles in accordance with
the CEC PF-023 procedure, based on the examination of
the propensity to contaminate fuel atomizers. LUCAS
RDNO 6887 D 03 CFR type sprayers were used for testing.
The tests were carried out in accordance with the above-
mentioned standard and in the following order:

— measurement of the throughput of brand new sprays in
accordance with ISO 4010,

— setting the injector opening pressure in accordance with
the requirements of the CEC PF-023 procedure and
mounting them on the engine,

— performing a ten-hour test sample in accordance with
the CEC PF-023 procedure,

— capacity measurement of disassembled and contaminat-
ed atomizers in accordance with ISO 4010.

Fig. 1. The test stand equipped with XUD9A engine [12]

The propensity of fuel for cooking the injector tips is
expressed as a percentage reduction in the air flow through
the nozzles of each of the 4 injectors for a given needle lift
value.

The test result is the mean value of the percentage air-
flow reduction for all 4 nozzles at a needle lift of 0.1 mm.

5. Research results

The tendency of fuels to form sediments is determined
by measuring the air flow through the nozzles before and
after the test. The result is expressed as the average per-
centage decrease in air flow through the nozzles. The re-
sults of flow rate tests through nozzles are presented in
Tables 3—11 and graphically in Figures 2—7.

Table 3. Results of spray flow rate measurements before the test — ON

uplift nozzle 1 nozzle 2 nozzle 3 nozzle 4

[mm] [em®/min] [em®/min] [em®/min] [em®/min]
0.05 201 200 217 225
0.1 250 248 248 258
0.2 255 283 267 283
0.3 303 367 312 317
0.4 417 500 443 432
0.5 800 850 817 867
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Table 4. Results of spray flow rate measurements after the test — ON

Table 10. Results of spray flow rate measurements after the test - ONE20

uplift nozzle 1 nozzle 2 nozzle 3 nozzle 4 uplift nozzle 1 nozzle 2 nozzle 3 nozzle 4
[mm] [em®/min] [em®/min] [em®/min] [em®/min] [mm] [cm®/min] [cm®/min] [cm®/min] [cm®/min]
0.05 93 ) 120 110 0.05 100 92 120 110
01 133 175 138 130 0.1 140 135 135 143
: 0.2 156 150 175 173
0.2 147 142 175 173 03 198 205 212 223
0.3 183 200 212 223 04 293 301 287 375
0.4 283 282 287 375 0.5 645 647 634 663
05 67 647 >33 763 Table 11. Calculation results — ONE20
uplift R1 R2 R3 R4 average
Table 5. Calculation results — ON [mm)] [cms/min] [cm3/min] [cm3/min] [cm3/min] [%]
uplift R1 R2 R3 R4 average 0.05 50.2% 54.0% 44.6% 51.1% 50.0%
(] (em*/min] | fem®/min] | fom?/min] | [em?/min] (%] 0.1 44.0% 455% | 456% | 44.6% | 44.9%
0.2 38.8% 47.1% 34.4% 38.8% 39.8%
0.3 34.7% 44.1% 32.1% 29.5% 35.1%
0.05 53.6% 55.2% 44.6% 51.1% 51.1% 0.4 29.7% 30.8% 35.4% 13.1% 29.5%
0-1 46.70/0 49.50/0 48.30/0 49.70/0 48-5% 0.5 19.40/0 23.80/0 22.40/0 23.50/0 22.30/0
0.2 42.5% 50.0% 34.4% 38.8% 41.4%
0.3 39.6% 45.5% 32.1% 29.5% 36.6%
0.4 32.0% 437% | 354% 13.1% 31.0% 1400
0.5 29.2% 23.8% 34.7% 11.9% 24.9% 1200 —@— injector 1 —®— injector 2
= 1000 injector 3 —@— injector 4
Table 6. Results of spray flow rate measurements before the test — ONE10 mg
uplift nozzlel nozzle2 nozzle 3 nozzle 4 E 800 ’
[mm] [em®/min] [em®/min] [em®/min] [em®/min] % 600
0.05 165 198 215 223 ;
0.1 251 252 249 251 = 400
0.2 253 281 264 281 200
0.3 301 363 309 314
0.4 413 496 439 428 0
0.5 799 812 819 859 0 0.1 0.2 0.3 0.4 0.5
Stroke [mm]
Fig. 2. The flow rate through nozzles before the test for ON fuel
Table 7. Results of spray flow rate measurements after the test —- ONE10
uplift nozzle 1 nozzle 2 nozzle 3 nozzle 4 1000
[mm] [em®/min] [cm®/min] [em®/min] [em®/min]
0.05 84 90 115 108 - 800 —&— injector 1 —@—injector 2
0.1 137 134 132 136 E . n
02 143 145 177 175 'E 600 injector 3 —@®— injector 4
0.3 185 202 214 226 S
04 286 277 320 339 2
0.5 584 599 642 689 £ 400
£
. = 200
Table 8. Calculation results - ONE10
uplift R1 R2 R3 R4 average 0
[mm] | [cm*min] | [cm®/min] [em*/min] | [cm®/min] [%] 0 0.1 02 03 04 05
0.05 49.1% 54.8% 46.4% 51.6% 50.5% Stroke [mm]
0.1 45.5% 46.8% 47.0% 45.7% 46.3% Fig. 3.The flow rate through nozzles after the test for ON fuel
0.2 41.4% 48.3% 33.1% 37.7% 40.1%
0.3 38.4% 44.4% 30.8% 28.1% 35.4%
0.4 30.7% 44.0% 27.2% 20.8% 30.7% 1000
0.5 26.9% 26.2% 21.7% 19.8% 23.6% —®—injector | = —®—injector 2
— 800
£ injector3 ~ =@ injector 4 ’
Table 9. Results of spray flow rate measurements before the test — ONE20 mg
600
uplift nozzle 1 nozzle 2 nozzle 3 nozzle 4 E
[mm] [em®/min] [em®/min] [em®/min] [em®/min] %
0.05 201 200 217 225 £ 400
0.1 250 248 248 258 E
0.2 255 283 267 283 = 200
0.3 303 367 312 317
0.4 417 500 443 432 0
0.5 800 850 817 867 0 0.1 02 03 0.4 0.5
Stroke [mm]

Fig. 4.The flow rate through nozzles before the test for ONE10 fuel
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800
700
600
500
400
300
200
100

0

=—@&—injector | =—@—injector 2

injector 3 —®—injector 4

Flow rate [cm3/min]

0 0,1 0,2 0,3 0.4 0,5
Stroke [mm]

Fig. 5.The flow rate through nozzles after the test for ONE10 fuel

1400

1200 —@— injector | —®— injector 2

1000

injector 3 =——@®=— injector 4

800 A
600

400

Flow rate [cm3/min]

200

0 0,1 0,2 0,3 0.4 0,5
Stroke [mm]

Fig. 6. The flow rate through nozzles before the test for ONE20 fuel

5. Conclusions

The tests showed a lower tendency to coke the injectors
using diesel fuel-bioethanol in comparison to the use of
pure diesel oil.

Based on the CEC PF-023 test, it can be noticed that the
level of contamination of the tested injectors (at a heel of
0.1 mm) for ONEI10 fuel is about 3% lower than the level
of diesel injector contamination.

The level of injector coking for ONE20 fuel is about 4%
lower than the level of pollution for diesel fuel.

Lower susceptibility to coking the injectors using a mix-
ture of bioethanol and diesel oil compared to the diesel oil
itself gives the possibility of reducing deposits at the ends
of the injectors.

Surface coking at the tip of the needle tip - the sprayer
and nozzle openings reduce or block the flow of fuel
through the injector and change the spraying quality and
microstructure of the sprayed stream. In addition, the con-

700

600 —@— injector | =@ injector 2

500 injector 3 —®—injector 4

400
300
200
100

Flow rate [cm3/min]

0
0 0,1 0,2 0,3 0.4 0,5
Stroke [mm]

Fig. 7. The flow rate through nozzles after the test for ONE20 fuel

0.55

- —e—ON
2 050
23 —e—ONEI0
8E 045
£ ONE20
i)
o= 040
S =
53
e 035
23
£° 030
]
W=
55 025
ZE

= 020

0 02 0.4 0.6
Stroke[mm]

Fig. 8. The average value of the difference in the air flow rate through
injectors obtained in the CEC test PF-023 while covering the test engine
with three fuels

tamination of the injector tip reduces the distance of the
diffusion flame to the injector causing heat exchange be-
tween the deposits and deposits created in the sprayer, not
with the spray of fuel creating a rich fuel-air mixture, which
causes a slower combustion process and increased particu-
late matter emission.

In summary, sediments have a negative impact on the
operation of injectors in CI engines. The problem is im-
portant from the point of view of their durability and relia-
bility because their components have small dimensions, low
mass and are manufactured with high accuracy using very
advanced techniques. In contrast, the tolerance of perfor-
mance of individual cooperating elements has a direct im-
pact on the time and size of injection doses. All this indi-
cates that the tendency to injectors coking is a considerable
problem, which can be partially eliminated with the addi-
tion of bioethanol to diesel oil.

Nomenclature

ON diesel oil R2 injector 2

ONEI10 10% bioethanol + diesel R3 injector 3

ONE20 20% bioethanol + diesel R4 injector 4

E bioethanol IDID Internal Diesel Injector Deposit

R1 injector 1
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Modern drive systems of rail vehicles

Rail vehicles are one of the sources of environmental pollution in the transport sector. Therefore, it is necessary to equip these vehi-
cles with modern drive systems. This article concerns the issues of contemporary and future-oriented solutions of drive systems used in
rail vehicles. The article analyzes energy storage possibilities including: electrochemical, mechanical and hydraulic accumulators. The
conducted analyzes have taken into account the importance of how frequently they charge up, which dictates their possible applications.
Characteristics of hybrid drive systems were presented, with particular emphasis on parallel systems of: hydrostatic, flywheels and
electrochemical batteries. The analysis of energy flow control strategies in hybrid drive systems of railway vehicles has been made. In

the summary, a solution was chosen that resulted in high conversion efficiency of the energy extracted from the vehicle's wheels.

Keywords: rail vehicles, combustion engines, hybrid drive systems

1. Introduction

In recent years, the share of CO, emissions from the
transport sector has been steadily increasing (Fig. 1). This
share of CO, emissions has increased from 22.7% in 2010
to 23.4% in 2013 [24]. In 2013, carbon dioxide emissions
from rail transport reached 3.5%, while it accounted for 8%
of the world's passenger and freight volume. The railway
sector in 2013 also accounted for just 2% of the total energy
consumed in the transport sector. Rail vehicles were fueled
with petroleum products in 57% of cases, and in 36.4% of
cases with electricity.

In 2013, six regions and countries (EU28, USA, Russia,
China, India, Japan) accounted for 78% of total CO, emis-
sions in the rail sector, of which one quarter were emitted
by China.

Coal consumption by the rail sector drastically de-
creased in 1990-2013. In the same period, electricity con-
sumption in rail transport increased from 17.2% to 36.4%.

3.5%
Rail
10.6%
Aviation

W 10.2%

Navigation
M 19%
Pipeline
transport

M 168%
Residential

7.0%

Energy industry
own use

M 103%

Commercial and
public services

M 73.5%
Road

37.4%
Manufacturin
industries an
construction

W 03%
[Other

Transport

transport

Fig. 1. Carbon dioxide emission as a result of fossil fuel combustion in
various industry and transport sectors [24]

The share of electrified railway lines increased by 163%
in the span between 1975-2013 at the global level. China
and Korea increased their share by 325% and 343% respec-
tively between 1990-2013.

In 2013, the specific energy consumption in passenger
rail transport reached 138 kJ/km, whereas this volume in
rail freight transport amounted to 129 kJ/tkm. The energy
consumption in this transport sector in the years 1975-2013
decreased by 63% and 48% respectively for passenger and
freight transport. Individual emissions of carbon dioxide in
the railway sector show a similar improvement rate: they
were reduced by 60% in passenger transport and by 38% in
freight transport in the years 1975-2013.

2. Energy storage systems in rail transport vehicles

The constant pursuit of reducing emissions from
transport means has lead to restrictions also being applied
to rail vehicles. The introduction of subsequent exhaust
emission limits in relation to rail traction vehicles means
that the currently applicable EU legal acts include Stage I11
B and Stage V limits. The latter limit is in force for new
vehicle approvals from this year onwards [7, 20]. Despite
the trend where the share of drives relying on combustion
engines in the total number of rail vehicles continues to
decrease, there is a tendency to replace the conventional
combustion systems with hybrid systems [5, 15]. Meinert et
al. [16] proposed the use of energy storage systems (ESS)
in rail vehicles, such as: hydrostatic systems, batteries,
flywheels and double-layer capacitors (DLC). The energy
management strategy is focused on reducing fuel consump-
tion and minimizing the toxic exhaust emissions. In paper
[16] the authors stated that the use of additional energy
storage technologies is not enough to eliminate exhaust
after-treatment systems from engines that are to comply
with Stage III B standards. This is the result of testing the
exhaust emissions of rail vehicle engines according to the
ISO 8178. Which is done under specific engine load condi-
tions, e.g. at the point of maximum load, in which addition-
al circuits (electric or other) do not properly fulfill their
task.

Ghaviha et al. [9] divided energy storage systems into
stationary systems (SESS — stationary) and systems inside
railway vehicles (OESS - On-board). The authors also
point to the use of currently ultra-capacitors, batteries and
flywheels in rail vehicles in both SEES and OESS systems.
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The system that has been in use the longest is the flywheel
(used in Japan since 1970) [9].

Research conducted by Rupp et al. [21] indicate the
possibilities of using flywheels to reduce the energy con-
sumption by 9 to 31% (depending on the traffic conditions
of light rail vehicles).

Energy storage methods in means of transport have been
presented in Fig. 2. Possibilities of using energy storage
systems in the context of vehicle power, energy and dis-
charging time were presented in Fig. 3.

Energy storage

|
1 1 1 1 1
Mechanical Chemical Electrochemical Superconducting Cryogenic
magnetic
= Flywheel Hydrogen Batteries L Liquid air
—+ Pumped hydro ‘ —{ Biofuel ‘ Supercapacitor
Biodiesel

Compressed air b

== Liquid piston

Fig. 2. Energy storage systems classification tree [2]

1G6W discharging time —— 15 1 min 1h 1d
100 MW im
10 MW
g
3 1MW
n°_ BEV - Battery Electric Vehicle
DLC CAES - Compressed Air
100 KW DLC - Double Layer Capacitor
FES - Flywheel Energy Storage
H2 - Hydrogen Storage
LA -Lead Acid Battery
10 kW Li-lon - Li-lon Battery
PHS - Pumped Hydro Storage
SMES - Superconduct. Magnetic
1kwW e
0.1 kWh 10 kWh 1 MWh 100 MWh 10 GWh
Energy

Fig. 3. Comparison of power, energy and discharging time of typical
energy storage systems [10]

3. Railway vehicle hybrid drive systems
constructions

3.1. Introduction

Hybrid drive systems used in rail vehicles may be
equipped with:

a) hydrostatic systems (hydraulic),
b) flywheels,

¢) lithium-ion batteries

and others.

Hydraulic drive systems include hydraulic mo-
tors/pumps whose power is greater than 4 kW/kg, and with
efficiency of over 93%. In addition, the power density of
hydraulic accumulators is about 10 times greater than that
of electrochemical batteries and is about 5 kW/kg. Unfortu-
nately, the energy density is about 15 times lower with
respect to Li-Ion batteries — 4-11 kJ/kg [22].

Comparison of power and energy indicators for differ-
ent batteries reveals the different parameters of these batter-

ies. Electrochemical systems (both NiMH and Li-Ion bat-
teries) have a much higher energy density than power den-
sities (Fig. 4). Therefore, their use in rail vehicles signifi-
cantly increases the vehicle range.

12 :
DLC (capacitor)
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Energy density [W-h/kg]

Fig. 4. Comparison of power and energy density of available batteries [11]

The use of hydraulic or ultra-capacitor systems does not
provide similar energy density values. However, the high
power density of the ultracapacitors allows them to be used
in heavy vehicles. High power density energy storage sys-
tems allow them to be quickly charged, and this results in
them being more effective when used in conditions of fre-
quent stops.

It is possible to categorize the following hybrid drive
solutions (based on compression-ignition diesel engines):

a) hybrid parallel hydrostatic drive (hydraulic),

b) hybrid parallel drive with a flywheel (mechanical),

¢) hybrid parallel drive with an ultra-capacitor system,

d) diesel-electric (battery) hybrid drive system,

e) diesel-electric (battery and ultracapacitors) hybrid drive
system.
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3.2. Hydrostatic systems

Hybrid parallel hydrostatic drive (hydraulic) is present-
ed in Fig. 5. The coupling (gear) is mounted between the
electric motor (MG) and the main transmission. It is a sys-
tem in which the combustion engine is connected in parallel
with the hydraulic system.

A different construction is presented in Fig. 6. It also
contains a parallel connection of the hydraulic drive with
the internal combustion engine, the generator and the elec-
tric motor connected in series. In this solution, the combus-
tion engine is used only to drive the current generator (ref-
erence G in Fig. 5). In the mechanical transmission, the
torque values are added up from the hydraulic system and
from the electric motor system (MG).

out

=)

Hydromechanic
transmission

hydrostatic
ESS

transmission

Fig. 5. A parallel hybrid drive of an internal combustion engine with
a hydromechanical transmission and a hydrostatic system [17]

hydrostatic transmission
E

SS

Fig. 6. A parallel hybrid drive of a hydrostatic system and a serial connec-
tion of a combustion engine with a generator and an electric motor [17]

The layout shown in Fig. 5 is currently implemented,
among others by Bosch-Rexroth [4] and Plasser & Theurer
(Fig. 7).

Fig. 7. The hybrid drive of a rail vehicle with a hydrostatic system (09-4X
Dynamic Tamping Express E3 and the BDS 2000 E3 - Plasser & Theurer) [25]

Hydraulic motors have not only higher efficiency than
electric motors, but in addition — they generate similar
torque values — they have much smaller dimensions (Fig.
8). Such conditions allow these systems to be used even in
passenger cars as well as placing the hydraulic motors at
the wheels of the vehicle (or on the wheels themselves).

Fig. 8. Technical parameters comparison of electric and hydraulic motors [1]

3.3. Hybrid systems with flywheels in rail vehicles
Another solution for hybrid systems in rail vehicles is

the use of flywheels (Fig. 9). The main parameters of fly-

wheels used in rail vehicles include:

a) rotational speed in the range of 25,000-30,000 rpm,

b) the value of available energy from the range of 6 kWh
to 12 kWh, of which about 75% can be used (no work
generated at low rotational speeds),

¢) energy density of approximately 2 kWh/m’,

d) average charging and discharging time (flywheels are
placed between ultracapacitors and electrochemical bat-
teries),

e) efficiency of about 90%.

An example of a solution for parallel hybrid drive with

a combustion engine and flywheel is shown in Fig. 9. The

flywheel in this solution serves as the drive system of the

current generator in a serial connection with an electric
motor. In such a system, recovery of flywheel energy re-
quires two-way operation of both electrical machines (MG

—Fig. 9).

Diesel engine

___________________________________

out

=

Hydromechanical
transmission

1
H transmission
'

Fig. 9. A parallel hybrid drive with an internal combustion engine and
a flywheel connected in series with a generator and an electric motor [17]

The use of an internal combustion engine in a hybrid
drive as a current generator and flywheel also for electric
current production is shown in Fig. 10. It is a parallel con-
nection of an internal combustion engine (operating in
a drive system with a power generator and electric motor
connected in series) and a flywheel connected to a power
generator. The output drive for the wheels is generated only
by an electric motor. The lack of a flywheel system would
allow the system to be classified as a series hybrid drive
system.

flywheel
ESS

Fig. 10. Parallel hybrid drive with an internal combustion engine (DE) and
a flywheel system working in series with an electric motor [17]

78

COMBUSTION ENGINES, 2019, 178(3)



Modern drive systems of rail vehicles

An example of the application of this technology in rail
vehicles is shown in Fig. 11. The flywheel presented is the
result of a project in cooperation between Ricardo Artemis
Intelligent Power and Bombardier. The project concerns the
reduction of energy consumption by about 10% using high-
speed flywheels as sources of kinetic energy storage.

Fig. 11. The flywheel and its components with 220 kJ TorqStor from
Ricardo [6]

3.4. Hybrid systems with electrochemical batteries

Electrochemical energy sources are the most widespread
energy storage systems. Their high energy density makes it
possible to obtain a higher vehicle range than with the use
of other energy storage systems: mechanical or hydraulic.

A typical parallel hybrid drive system of an internal
combustion engine and an electrochemical battery is shown
in Fig. 12. The use of AC motors requires constant voltage
converters (from battery) to alternating voltage (higher
efficiency values of such motors, especially in the low
speed range). In such a system (so-called mild hybrid) one
electric machine with reversible operation is used.

out

=

hydromechanic

transmission

transmission

Fig. 12. A hybrid parallel drive of an internal combustion engine (DM)
with a hydromechanical transmission, a battery system and an electric
motor [14, 17]

The use of an electrochemical battery instead of a fly-
wheel (as in Fig. 10) results in a similar configuration of the
parallel hybrid drive with the combination of an internal
combustion engine (operated in series with an electric mo-
tor) with an electrochemical battery system (Fig. 13).

Fig. 13. A parallel hybrid drive of an internal combustion engine (DE)
with a system of batteries operating in series with an electric motor in
a drive system [17]

The use of electrochemical batteries allows using a con-
figuration, which will provide a high value of power or high
value of energy stored. High power density ensures a
modular design, while high energy density — appropriate
range of the rail vehicle. Examples of such Hitachi battery
solutions are shown in Table 1.

Table. 1. Battery configurations in applications for hybrid drive of rail

vehicles [18]

Description High power density High Energy density
UZ
P=nd-m
UZ

P=r
Model MA2a CH75-6
Configuration 48 cells (series) 6 cells (series)
Voltage/ 173 V;5.5 Ah 222 V;75 Ah
capacity

Energy density

46 Wh/dm® (100%)

102 Whidm® (221%)

Power density

865 W/kg (346%)

250 W/kg (100%)

Fast charging
during regenerative
braking

Applications Compromise High energy density
between power and -> compact dimen-
capacity sions

A slight drop in
efficiency at lower
temperature

4. Energy flow control strategies

The diesel-electric hybrid drive is characterized by cy-
clic recharges and discharges of the battery. The nominal
battery charge (SOC) is approximately 50% (Fig. 14). The
use of Ni-MH batteries means that their charge/discharge
level is not too high — it is in the range of 40-60%. The use
of Li-Ton batteries allows for much higher threshold values:
up to 80% SOC when charging and down to about 20%
when discharged. If the typical range for a battery is 25—
75% SOC, this means that the capacity of the battery used
must be twice as large as the intended capacity. For this
reason, the use of ultracapacitors may increase the usability
of electrochemical energy storage sources.

SOC - stopien natadowania
akumulatora

100% przetadowanie

Li-lon

Ni-MH
Li-Ion + UCAP

0% gtebokie wytadowanie

Fig. 14. Conditions for charging and discharging typical battery systems in
hybrid drive systems [12, 19]
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The specificity of rail vehicles operation and the hybrid
drive systems used in them forces specific types of coopera-
tion between the drive sources. An example of a typical rail
vehicle operating speed curve is shown in Fig. 15a. It
shows that the initial driving fragment is made using only
the electric drive. In such conditions, the system discharges
the batteries from the maximum level (about 60%) — zone
D (Fig. 15b). Achieving and maintaining a specific speed

a) b)
SOC [%]
V= Limit > 60%
/’ \ scT
< Zone
M\ /. 'Y :
\ VNI Zone
\ X
[ENZ di
Engine AN i
speed | Limit>20%
Train Engine idling |
speed 0 ! -
L
time 25 Speed [km/h]

Power running: Braking:

Zone A: Zones A:
Engine highest effic. Engine id|

Zone B: Zone D:
Engine idling Engine stop

Fig. 15. Example of a hybrid drive system control: a) route, b) hybrid
control zones, taking into account the battery charge level [8]

results in a constant rotational speed of the internal combus-
tion engine and further discharge of the batteries (parallel
drive). The internal combustion engine operating conditions
correspond to its high efficiency. Due to the considerable
kinetic energy of such a composition, it is possible to limit
the power of the internal combustion engine and to let it
idle (Fig. 15a — engine idling, zone A — Fig. 15b). The
speed reduction is achieved using regenerative braking,
which results in the recovery of the kinetic energy of the
vehicle and increasing the level of charge of the batteries.
Drive operation characteristics (line in Fig. 15b) moves
from zone A to zone D.

Similar research is currently being conducted, and con-
cerns the limitation of SOC changes applied to rail vehicles
lithium-ion battery [23].

5. Conclusions

The use of hybrid drive systems in rail vehicles can re-
sult in a significant reduction of toxic exhaust emissions
and a reduction in fuel consumption. Similarly to other
vehicle categories, the use of this drive type allows pushing
the engine operating points on the internal combustion
engine characteristics towards higher overall efficiency. In
the case of rail vehicles, the biggest benefit of using a hy-
brid drive is limiting the combustion unit idle operation
time, where the share of idling for shunting rail vehicles
ranges from 50 to 70% [3, 13]. By eliminating the idling
operation of the combustion engine, significant economic
benefits are obtained. Katuza [13] assessed that in the case
of the SM31 locomotive, the daily reduction of diesel oil
consumption, resulting only from the limitation of the time
the internal combustion engine spend idling and without
load, may amount to approx. 160-168 dm”.

As it was mentioned in this paper, the type of hybrid
drive, and along with it the energy storage technology it
uses, should be selected on an individual basis depending
on the purpose and nature of the work performed by the rail
vehicle. At the stage of selecting the aforementioned solu-
tions, it is important to assess the drive energy demand.
With long-term demand for electricity, the best solution
should be choosing electrochemical batteries, which are
also available in different configurations, focused on higher
power density or higher energy density. In that case, the
engine more often work in the field of highest efficiency,
even during battery charging. That way help to improve the
range of the vehicle. In turn, frequent stops and starts (such
as in shunting work) makes high power, fast charging and
discharging the more favorable features for a drive system,
thus ultra-capacitors and flywheels become the better solu-
tion to use.

Nomenclature

DLC  double-layer capacitor Ni-MH nickel metal hydride battery
ESS energy storage system OESS on-board energy storage system
G generator Pb lead-acid battery

Li-Ion lithium-ion battery SESS stationary energy storage system
MG motor/generator SOC  state of charge

Mo torque UCAP ultracapacitor

n engine/motor speed v volume
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Performance of micro CHP unit based on SI engine with quantitative-qualitative
load control

The paper presents data resulting by the preliminary experimental tests performed on a micro CHP (combined heat and power)
7 kWel unit. The engine load has been controlled by throttle position (quantitatively) or/and the value of air excess ratio (qualitatively)
QOLC. By this way the engine efficiency can be improved in the range of partial loads by reducing the exergy losses during the inlet
stroke. During the tests engine has been powered with LPG fuel. The engine performance together with environmental impact has been
studied in this paper. Used method shows that despite the reduction of the load from 5.6 kW to 4.7 kW while burning the lean mixture,
the efficiency of electricity generation increased slightly. The efficiency grew by approx. 1.41 percentage point comparing with the re-
sults obtained for almost constant load but obtained by burning the lean mixture (A = 1.3), followed by increased throttling and combus-

tion of the stoichiometric mixture.

Key words: CHP, SI engine, LPG, natural gas, emission, electrical efficiency

1. Introduction

In the first decade of the 21% century, there was
a marked increase in electricity consumption in Poland. In
the years 2000-2010 it amounted to less than 18%, which
was an increase of over 21 TWh compared to the value
recorded in 2000. Over the next eight years, i.e. in the years
2010-2018, there was a further increase and significantly
higher than in the first decade because by less than 27% in
relation to 2010. Recent data indicate that in 2018 electrici-
ty consumption in Poland amounted to 171 GWh [1-3].

The growing demand for electricity in our country will
most likely grow dynamically in the coming years. The
previously indicated clear upward trend observed in recent
decades can be considered as a proof of that statement. In
addition, an increase in electricity consumption in the near
future will be caused by the growing appearance of electric
and plug-in hybrid vehicles on the market [4, 5].

With regard to these data, it may be beneficial to use lo-
cal low power cogeneration systems. Microcogeneration
(mCHP — micro Combined Heat and Power) can be realized
based on an internal combustion engine powered by natural
gas or LPG. In view of the Directive 2004/8/EC, micro-
generation concerns combined generation of electricity with
a maximum electrical power of less than 50 kWe. The im-
plementation of mCHP systems can significantly contribute
to the propagation of low-emission heat and electricity
generation in our country. With this, a new concept of elec-
tricity generation appears with the participation of the so-
called prosumers.

2. The research object and methods

Low power cogeneration systems powered by combus-
tion engines can be used in residential buildings, rural
buildings, public facilities, hospitals, and in particular in
buildings where there is a long-term, preferably all-year
round demand for heat. The use of micro-cogeneration is
justified wherever it can meet the needs of one or more
consumers for whom the connection to a centralized heat-
ing grid would not be economically feasible.

When using reciprocating engines in mCHP systems,
both diesel and spark ignition engines can be utilized.

Where, it should be noted, diesel engines can be used in
a dual fuel configuration, that is with the main fuel being
a gas, and the combustion being initiated by a pilot dose of
liquid fuel. Currently, natural gas is the most suitable fuel
for feeding CHP systems, mainly due to its wide availabi-
lity. In the case of hindered availability of natural gas,
mCHP systems are usually powered with LPG or liquid
fuel. At the same time, the liquid fuel feed is most often
used for self-ignition engines.

Due to their properties, most gaseous fuels are suitable
for correctly feeding internal combustion, piston engines.
This is due, among other things, to their good ability to
form homogeneous mixtures, which is important from the
point of view of the implementation of the correct combus-
tion process in the spark ignition engine. In addition, gase-
ous fuels are usually characterized by wide flammability
limits. Another advantage is the fact that usually gas fuels
have a higher value of the hydrogen to carbon ratio relative
to liquid fuels, which leads to a reduction in CO, emissions.
Table 1 presents selected parameters of natural gas type
GZ50, propane and butane.

Table 1. Properties of natural gas and propane and butane [6]

Fuel Composition MN LHV €dv FL (eq. ratio)
(by volume) - MJ/m® | MI/m® | lower/ upper
CH4 =98.5%
Natural €0, =0.1%
G N, = 1% 9 | 353 | 291 0.49/1.66
as other: C,Hg,
C3HSa C4Hl()
Propane |C;Hs 35 91 2.19 0.49/2.5
Butane  |CiHyo 101 1186 | 224 | 0.57/3.06

As can be shown from the data in Table 1 there is a sig-
nificant difference in the methane number for both fuels.
One of the parameters, the value of which directly affects
the energy efficiency of the engine is the compression ratio.
Energy efficiency increases with an increasing compression
ratio. Theoretically, fuels with a higher methane number
should ensure that the engine achieves higher energy effi-
ciency. The higher value of the methane number allows to
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burn the fuel with a higher compression ratio compared to
fuels with a lower methane number. It should be noted,
however, that the high methane value does not guarantee
proper operation of the engine with high efficiency. Differ-
ent fuels are characterized by different ranges of flammabi-
lity limits, burning speed, minimum ignition energy. Taking
into account the mentioned values, there may be, for exam-
ple, a problem with the proper combustion of lean mixtures
in an internal combustion engine. Combustion of lean mix-
tures in internal combustion engines brings measurable
benefits in the form of reduction of nitrogen oxide NOy
emissions and an increase of the energy efficiency of the
engine.

3. The research object and methods

The paper presents the results of test of a micro CHP
system composed of a spark ignition engine, an asynchro-
nous generator and heat exchangers. The micro-CHP sys-
tem is being created as a result of the implementation of
a scientific and research project in cooperation with the
Silesian University of Technology and Budexpert sp. z o0.0.
Ultimately, the proposed system is to meet the energy needs
of a single-family home, maintaining high annual average
of the efficiency of electricity generation. The system can
be assembled in various configurations, eg instead of an
asynchronous machine, a synchronous machine is to be
used. In this configuration, there will be a possibility of
a connection with the power grid or isolated working only
for the needs of the facility in which the system was in-
stalled. In Figure 1, a prototype cogeneration system with
additional components is presented.

Fig. 1. The prototype cogeneration system

In residential buildings, the demand for heat is depen-
dent on seasonal changes. For this reason, in order to fully
use the potential of a co-generator it is necessary to use heat
accumulators with a high heat capacity. Due to this, the
internal combustion engine can start periodically and work
with high efficiency, ensuring high energy efficiency of the

entire cogeneration system. The installation of the heat
accumulator however brings additional initial investment
costs which, at the high price of low-power cogeneration
systems available on the market, becomes economically
unjustified.

One of the possible ways to increase the efficiency of
the internal combustion engine during its operation at par-
tial loads is to limit the loss of exergy in the inlet channel of
the engine. This can be achieved by using a larger throttle
opening while maintaining a certain dose of fuel to generate
the required torque. This regulation leads to the formation
of a lean (I >> 1) mixture powering the combustion engine.
Depending on the properties of the fuel used, the limit value
of stable operation of the internal combustion engine
(flammability limit of the mixture) will vary.

The research on the prototype cogeneration unit was
carried out while fuelling the engine with LPG. During the
testing, the combustion engine was driving an asynchro-
nous generator. To provide an electrical load, the system
had been connected to the power grid. The heat generated
by the system was transferred to a radiator with a variable
cooling capacity. The electric power of the cogeneration
system was modulated by changing the throttle position and
thus influencing (indirectly by increasing the torque of the
internal combustion engine) the change of the rotational
speed of the asynchronous generator. The tests were carried
out for a variable value of ignition advance angle and two
different mixture compositions. Tests were carried out for
three different loads of the internal combustion engine
during the combustion of a stoichiometric mixture. In addi-
tion, tests were conducted for one of the three mentioned
loads of the internal combustion engine while burning
a lean mixture (A = 1.3).

During the testing, the electric power was measured by
the Fluke Norma 5000 power analyzer. In turn, the mass
stream of fuel consumed by the engine was measured using
a Sartorius weight. Also, the composition of dry exhaust
gases at the outlet of the combustion engine was measured
using the Capelec CAP 3000 flue gas analyzer. The tem-
perature at selected points in the system was measured
using k-type thermocouples.

4. Research results

On the basis of the conducted research, the energy pa-
rameters and emission factors were compared in the range
of variable control parameters of the internal combustion
engine. Figure 2 shows the influence of ignition advance
angle on the value of electric power generated in the coge-
neration system. For the stoichiometric mixture, the influ-
ence of throttling caused by the change of the throttle posi-
tion is also visible. Combustion of a lean mixture with an
air excess ratio A = 1.3 allows obtaining a similar value of
electric power as with a stoichiometric mixture with the
position of the throttle causing 15 kPa of pressure drop.
When burning a lean mixture, the pressure drop is lower
and amounts to 9 kPa. At the same time achieving a compa-
rable value of electric power requires a higher value of the
ignition advance angle. The research on the combustion of
lean mixtures had been limited to a single series due to high
fluctuations in the electric current in the output circuit of
the electrical machine. These fluctuations were caused by
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the excessive variability of the torque of the internal com-
bustion engine due to the low value of the moment of iner-
tia of the standard flywheel.
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Fig. 2. Electric output power vs ignition timing, throttle position and
mixture composition

Figure 3 presents the resultant values of the efficiency
of electricity generation in the examined system. For the
measurement series made during stoichiometric mixture
combustion, the effect of the loss of exergy in the inlet
channel on the level of efficiency obtained is clearly visi-
ble. For the electric power of just under 2.1 kW, the thermal
efficiency of electricity generation is 16%. While for an
electrical power of 5.6 kW efficiency reaches 25.6%.
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Fig. 3. Electrical efficiency vs ignition timing, throttle position and mix-
ture composition

Figure 3 also shows the effect of using a quality-
quantity regulation to limit the power output of the genera-
tor. Instead of throttling during the combustion of the stoi-
chiometric mixture (A = 1, 4.8 kW), almost the same engine
output can be obtained by depleting the mixture (A = 1.3,
4.7 kW) with a greater throttle opening. This treatment
enables an efficiency increase of 1.41 percentage points.

Figures 4 to 10 show the specific emission and concen-
tration of toxic exhaust substances. The concentration of

individual components of the exhaust gas has been recalcu-
lated for to reference conditions corresponding to a 5%
molar proportion of oxygen in dry exhaust gases. The given
values have been determined for the composition of the
exhaust gases measured directly at the engine outlet. The
equipment used allowed to measure carbon monoxide,
hydrocarbons (in terms of hexane) and nitrous oxide. NOy
emission factors were calculated taking into account the
NO, molar mass.
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Fig. 4. Specific emission of CO vs ignition timing, throttle position and
mixture composition
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Fig. 5. CO concentration adjusted to 5% of O, in dry exhaust vs ignition
timing, throttle position and mixture composition

The highest level of carbon monoxide exhaust pollution
is recorded for higher values of the cogeneration system
load. The composition of the mixture is also significant.
During the combustion of the lean mixture, the lowest va-
lues of carbon monoxide emission were obtained. The si-
tuation is similar in the case of hydrocarbon emissions. The
reason may be the fact that the fuel-air mixture was pre-
pared in a mixer whose geometry and location is still being
optimized. Hence, likely the lean mix was better prepared
due to the higher oxygen content in the fresh load. In addi-
tion, the lean combustion process took place at the engine
load level, which ensures good thermal conditions for the
combustion process.
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Fig. 8. Specific emission of NOy vs ignition timing, throttle position and
mixture composition

The amount of nitrogen oxides emission in a spark igni-
tion engine is closely related to the instantaneous charge
temperature in the engine cylinder. The higher the value of

the ignition advance angle, the higher the average tempera-
ture during the combustion process (for a specific composi-
tion of the combustible mixture). Therefore, Figures 7 and 8
show an increase in NO, emissions in proportion to the
increase in ignition timing. A higher engine load (propor-
tional to the load of the electricity generation) results in
a higher value of heat generated in the cylinder. This, in
turn, affects the increase of the charge temperature (for
a predetermined value of the ignition advance angle). For
this reason, it is evident that during the combustion of the
stoichiometric mixture, the higher load of the internal com-
bustion engine is associated with a higher emission of ni-
trogen oxides.
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Fig. 9. NOy concentration adjusted to 5% of O, in dry exhaust vs ignition
timing, throttle position and mixture composition

Figures 10 and 11 present the results of the flue gas
temperature trend measured at the outlet of the cylinder
No. 1 and the cylinder No. 2 respectively. The visible tem-
perature drop together with the increasing value of the igni-
tion advance angle results from the course of the charge
expansion. The earlier ignition leads to a higher value of the
maximum pressure being reached in the engine cylinder
and its location being closer to the TDC during the load
expansion [7].
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Fig. 10. Exhaust gas temperature measured on cylinder 1 outlet vs ignition
timing, throttle position and mixture composition
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Variable thermal conditions during expansion signifi-
cantly affect the emptying rate of the exhaust cylinder. The
decreasing pressure value in the final draining phase and
the amount of charge determine the temperature value in
the exhaust channel. The temperature values measured in
both cylinders differ slightly.
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Fig. 11. Exhaust gas temperature measured on cylinder 2 outlet vs ignition
timing, throttle position and mixture composition

Taking into account the quantitative and qualitative reg-
ulation, it can be noticed that the temperature of the exhaust
gases is lower by approx. 50 K by comparing the results for
the stoichiometric and lean mixture. This is in the condi-
tions in which, the maximum power of the system during
the combustion of the stoichiometric mixture was 4.8 kW,
and when burning a lean mixture it stood at 4.7 kW.

5. Conclusions

The preliminary tests of the prototype microcogenera-
tion system lead to the formulation of the following conclu-
sions:

1.

The application of the mixed regulation method, ie the
combination of quantitative and qualitative regulation,
gives the opportunity to increase the efficiency of elec-
tricity generation during the operation of the system
with a partial load. Despite the reduction of the load
from 5.6 kW to 4.7 kW while burning the lean mixture,
the efficiency of electricity generation increased slight-
ly. The efficiency grew by approx. 1.41 percentage
point comparing with the results obtained for almost
constant load but obtained by burning the lean mixture
(A = 1.3), followed by increased throttling and combus-
tion of the stoichiometric mixture.

Combustion of lean mixtures results in greater uneven-
ness of the engine's running, relative to the combustion
of a stoichiometric mixture. Increasing the control range
of the lean mixture requires the use of a flywheel with
a greater moment of inertia. Its value must be selected
so as to ensure stable operation of the electrical genera-
tor.

The use of a three-way catalytic converter will allow to
reduce harmful emissions such as CO, HC and NO,.
However, its correct operation will be ensured only du-
ring the combustion of stoichiometric mixtures. When
combusting lean mixtures, the catalytic converter will
only allow for oxidation reactions. For this reason, it is
important to optimize the ignition advance angle, which
on the one hand will allow to achieve a satisfactory le-
vel of energy efficiency during the combustion of lean
mixtures, and on the other hand will not result in ex-
ceeding the NO, emission limit, limited by legislation.
Variation of the exhaust gas temperature depending on
the control parameters of the internal combustion engine
(ignition timing, excess air ratio) requires a proper ma-
nagement of the heat collection system. This will be im-
plemented using the master cogenerator control system.

Nomenclature

CO  carbon monoxide MN  methane number

HC  hydrocarbons LHV lower heating value

NO, nitrogen oxides €4y calorific value of air fuel mixture
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Exhaust emission testing methods - BOSMAL?’s legislative and development
emission testing laboratories

The latest legislation regarding the reduction of harmful exhaust emissions, greenhouse gases and fuel consumption determines not
only maximum permissible emissions factors, but also emissions testing methods and laboratory design and additionally leads to the
development of new research methods. BOSMAL has risen to meet these challenges by investing in an updated, state-of-the-art emissions
testing laboratory, housed within a climate chamber and in parallel investing in a completely new laboratory designed with incoming
and future legislative requirements in mind. This paper presents BOSMAL’s improved M1/NI vehicular emissions and fuel consumption
laboratory in a climatic chamber and BOSMAL’s standard chamber for the testing of vehicles in accordance with European Union, US
and Japanese standards. The specifications, capabilities and design features of the sampling, analysis and development research possi-
bilities and climate simulation systems are presented and discussed in relation to the increasing drive for cleaner, light duty road vehi-
cles (including hybrids and electric vehicles). The recently-renovated laboratory with extended standard temperature range and the
laboratory with climatic chamber are described in the context of the newest European Union legislation on the emission in the range of
Euro 6d testing requirements. The laboratories permit BOSMAL'’s engineers to compete in the international automotive arena in the

development of new, more ecologically friendly and increasingly fuel efficient vehicles.

Key words: emission testing, emission test methods, climatic simulation, Euro 6, WLTP

1. Introduction

Vehicular transport is one of the biggest sources of
harmful emissions and major changes in engine and vehicle
design have been observed in recent years in response to
emissions reduction legislation [1, 2] (in the EU: the intro-
duction of the Worldwide harmonized Light vehicles Test
Procedures (WLTP) over the years 2018/2019, and the
scheduled introduction of Euro 6d in 2020/2022). An addi-
tional factor is widespread pressure for the reduction of
greenhouse gases, mostly by reduction of CO, emissions.
One of the major challenges for humanity is to fight global
warming by reducing greenhouse gas emission (particularly
CO, but CH,4 and N,O as well) to the atmosphere, by 45 per
cent by 2020 and 60 per cent by 2050 [3]. As mentioned,
road transport is currently one of the largest single sources
of CO, emissions in the EU [4] and the group of 20 largest
economies (G20) accounted for 81% of global CO, emis-
sions overworld [5]. The introduced changes in the legisla-
tion regarding type approval of new vehicles and the first
vehicles registered determine new requirements in the test
methodology in the emissions laboratories based on the
WLTC cycles as a part of the Worldwide harmonized Light
vehicles Test Procedures (WLTP in ECE Global Technical
Regulation No. 15) which will decrease the divergence
between laboratory test and real world emissions [6]. The
European Union has introduced the new WLTC cycle,
which ensures development of vehicle testing based on
real-world driving data.

The legislation of other countries (with the motivation
of reduction global CO, emissions) leads them to use the
World-Harmonized Light-Duty Vehicles Test Procedure as
well. The China 6 Standard will be mandatory from 2023
and is generally based on the Euro 6 regulation. In Japan
the WLTP has been established in law from 2018 as the
official procedure of emission testing, while the Indian

government introduced the FAME policy (Faster Adoption
& Manufacturing of (Hybrid &) Electric Vehicle) to boost
and support hybrid and electrical vehicles’ position on the
market [7].

The fleet target for CO, emission in Europe in 2020 of
95 g/km and 68-78 g/km in 2025 (proposal) [8] leads to the
inevitability of implementation of new technologies and
high accuracy of measurements and vehicle testing. In order
to meet the new requirements of legislation and changes in
the methodology of emissions testing on the chassis dyna-
mometers at BOSMAL AR&DI Ltd. [9], the company’s
emissions laboratories are constantly improved and updated
to meet the requirements of current and incoming regula-
tions. Based on the demanding requirements of the test
procedures (WLTP) and the limits enforced over the new
driving cycle (WLTC), vehicle manufacturers should intro-
duce many new solutions and new systems for management
of aftertreatment systems. This forces the acquisition of as
many data as possible and the use advanced measurement
techniques during vehicle testing in the emission laborato-
ry. Modern emissions testing laboratories like BOSMAL’s
should be ready for incoming new measurement require-
ments — and must, in parallel, educate personnel, young
engineers to be ready to fulfil the special customer require-
ments via high quality services and extensive knowledge. In
2017, the Emissions Laboratory No. 1 was equipped with
a modern AVL emission system and together with the exist-
ing Emissions Laboratory No. 2 equipped with the Horiba
emission system and the climate chamber, fully meets the
current challenges posed by legislative requirements and
development testing. Both BOSMAL’s laboratories have an
Accreditation for homologation testing and meets require-
ments of the PN-EN ISO/IEC 17025:2005 standard (No.
AB 128 — full scope of accreditation of the testing laborato-
ry is available to download [9]). The laboratories provide
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the opportunity to meet future requirements for low-
emission testing of vehicles fuelled with conventional fuels,
alternative fuels [10] and testing hybrid and electric vehi-
cles.

This paper presents the research possibilities of
BOSMAL’s emission laboratories in the scope of tests compli-
ant with corresponding regulations and procedures as well as
in developmental testing of vehicles of categories M and N.

2. Characteristics of the emissions laboratories
BOSMAL’s emissions testing laboratories are ad-

vanced, ambient (Emission Laboratory No. 1) and climate-

controlled (Emission Laboratory No. 2) facilities for per-

forming emissions, fuel consumption and performance tests

over a range of driving cycles and a broad range of ambient

conditions. Exhaust emissions testing itself is carried out

with the aid of sampling bags (legislative tests), diluted and

raw modal analysis (development tests) for use with CI, SI

and hybrid vehicles. These facilities permit the execution of

a wide range of legislative and development emissions

tests, including:

— CVS bag diluted emissions testing to international
standards [11, 12],

— CO, emissions and fuel consumption measurement
according to EU standards [13, 14],

— gravimetric and numerical quantification of particulate
matter emission according to [15, 16],

— measurement of battery current balance according to
[11],

— measurement of compounds which are unregulated in
the EU, such as N,O, NHj; using additional analyzers,

— measurement of soot and particulate matter from raw
exhaust gases using additional devices,

— checks of vehicles according to Conformity of Produc-
tion (COP) requirements [11, 12],

— maximum power measurement on the wheels of vehicle
[14],

— electric consumption energy and electric vehicles range
[11,12].

A schematic diagram of both laboratories and vehicle
soak areas are presented in Fig. 1. In the next part of this
paper, the wide range of possibilities of emission tests in
BOSMAL'’s laboratories in the range of legislated and un-
legislated emission tests are presented.

2.1. Legislative emissions measurement

As mentioned previously, BOSMAL’s laboratories
permit the execution of legislative emissions tests according
to existing international and global regulations such as [2,
17, 18]. These types of emission tests should fulfill restric-
tive requirements which are described in the regulations
and therefore demand that the laboratories are equipped
with suitable measurement devices of high accuracy.

Ambient conditions for exhaust emissions tests
The base or heart of the laboratories are their ambient

and climatic chambers within which emissions, fuel con-

sumption and performance measurements are performed. In
the Emission laboratory No. 1 activities can be carried out
in the temperature range +14°C to +28°C (Fig. 2). The
chambers are equipped with temperature and humidity
control systems, which facilitate the maintenance of the
desired temperature and humidity levels. The software in

Laboratory No. 1 (ambient chamber) (Fig. 3) permits the

following during emission tests:

— temperature control within the range +14°C to +28°C,

— control accuracy (temperature tolerance): #2.0°C,

— control over the humidity value during emissions tests:
from 5.5 to 12.2 grams of water per kilogram of dry air
for temperatures within the range +14°C to +28°C,

— variation in humidity level: < 5%.

In Emission Laboratory No. 2 (Fig. 4), all activities can
be performed at temperatures ranging from -35°C to
+60°C. Such a temperature range far exceeds current legis-
lative requirements; the 95°C temperature range capability
is a response to the current and future requirements of en-
gine and vehicle development projects, cold start ability at
low temperatures, etc., and oil, fuel and catalyst manufac-
turers’ testing demands.

Fig. 1. Technical drawing of BOSMAL’s Emission Testing Laboratories No. 1 (green description) and No. 2 (blue description) and heat soak areas
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Fig. 2. Internal view of the ambient chamber of Emission Laboratory No. 1,
showing the single roller chassis dynamometer and the windspeed fan in
front

Fig. 3. Air conditioning control system in Laboratory No. 1

During operation of the climatic chamber, (including
during the execution of emission and vehicle performance
tests), the chamber permits:

— temperature control over the range —35°C to +60°C,

— control accuracy (temperature tolerance): +1.0°C (under
static conditions, with zero heat load); £1.2°C (during
emissions tests); £2°C (during performance tests),

— variation in humidity level: < 5%,

— temperature gradient (with the chamber empty): 0.5°C
per minute during warm-up and cool-down phases,

— control over the humidity value during emissions tests:
from 5.5 to 15.0 grams of water per kilogram of dry air
at temperatures ranging from +20°C to +35°C.

The climatic chamber’s control software permits the ex-
ecution of user-defined automated programs, so that stabili-
zation of the temperature in the chamber can be achieved
well before any testing begins (Fig. 5).

The climatic chamber’s roof features standard lamps to
provide even illumination throughout the chamber, but may
be upgraded to include high-power solar lamps in the fu-
ture, as required for the EPA’s supplemental air condition-
ing test cycle (‘SFTP-SC03’), performed at a temperature
of +35°C with a solar flux of 850 45 W/m® [19, 20].

In addition to fulfilling US testing requirements, such an
upgrade would also extend the laboratory’s capabilities in
terms of reproduction and simulation of real driving emis-
sions tests, including worst-case scenarios.

A simple comparison of the ambient conditions in both
BOSMAL’s laboratories is presented in Table 1.

Fig. 4. Internal view of the climatic chamber of Emission Laboratory
No. 2, showing the double rollers chassis dynamometer and the windspeed
fan in front

Fig. 5. Simpati climatic chamber control software in Laboratory No. 2

Table 1. Specification of the ambient conditions regulation inside the
BOSMAL’s Emission Laboratories

Parameter Unit ‘ EmiLab.1 ‘ EmiLab.2

Temp. control range °C +14/+28 -35/+60

Cor.ltrf)l accuracy during oC 2.0 +12

emission test (tolerance)

Humidity during emission test gH20/.kg 5.5-12.2 5.5-15.0
dry air

Variation in humidity level % <5 <5

Aside from the possibility of thermal conditioning
(‘soaking’) of vehicles inside the climatic chamber of
Emission Laboratory No. 2, in the direct vicinity of both
laboratories are located two soak areas and a soak container
with key parameters as described in Table 2.

Table 2. Specification of BOSMAL’s soak areas

Soak
Area 2

Soak
Area 1

Soaking

Parameter EmiLab2

Container

Vebhicle capacity —

large car/small van 6 pcs. | 14 pes. 2 pcs. 7-8 pes.
+20°C | +20°C —40°C -35°C

Temperature range +30°C | +28°C +40°C +60°C

Battery charging Yes Yes No Yes
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Chassis dynamometers

The laboratory chassis dynamometers (AVL Zoellner
48” compact) are mounted in the ambient and climatic
chamber floors (see Fig. 2 and Fig. 4). Fully integrated in
the laboratory management system (AVL iGEM and
HORIBA VETS), they are controlled by software which
includes functions not only for emissions testing according
to international test cycles (EU cycles: WLTC, RTS95
(used for RDE development work), NEDC, WMTC; US
cycles: FTP-75, HWFET, US06; Japanese cycles: JCOS),
but also for obtaining engine power measurements under
both static and dynamic conditions and can be capable of
simulating various non-legislative driving cycles used for
R&D purposes. In order to carry out cycle-based emissions
tests, the laboratories feature a single roller chassis dyna-
mometer in Emission Laboratory No. 1 (2WD) and a twin
axle single roller chassis dynamometer in Emission Labora-
tory No. 2 (4WD), both made by AVL of Austria, with the
specification presented in Table 3.

Table 3. Specification of the chassis dynamometers

Parameter Unit EmiLab.1 ‘ EmiLab.2
Number of axles pcs. 1 2
Number of rollers pes. 2 4
Roller diameter mm 1219.2 1219.2
i rllr dges | MM | 014 o4
Axle base mm - 2 0004 600
Nominal power kW 153 153
Peak power kW 258 258
Maximum velocity km/h 200 250
Simulated mass 2WD kg 454-5448 454-5448
Simulated mass 4WD kg - 800-5448
Motorcycle sim. mass kg - 150454

The AVL-Zoellner 48” compact chassis dynamometer
systems in BOSMAL’s laboratories for exhaust emissions
analysis is designed for testing 2 axled motor vehicles with
either front, rear and all-wheel drive and with axle loads of
up to 2000 kg. The design of these chassis dynamometers
are based on the US EPA C100081T1 specification and the
AAIM/EPA/CARB acceptance procedure, Regulation GTR
15, Regulations EC (No. 715/2007, 692/2008 and 595/
2009), EPA 40 CFR 1066, TRIAS 31-J042(3)-01 and TRIAS
99-006-01. These test systems are designed with the AC
power engines positioned between the rollers. The wind-
speed fans are positioned in front on the chassis dyna-
mometer to simulate speed-proportional air flow at speeds
0-150 km/h (Fig. 2 and Fig. 4). The chassis dynamometer
in the Emission Laboratory No. 2 includes the functional
extension to test motorcycles (Fig. 6), mopeds and scooters
with the inertia simulation range from 150 kg to 454 kg.

Emissions testing systems

The laboratories feature emissions analysis suites from
the Austrian firm AVL in Emission Laboratory No. 1 and
the Japanese firm Horiba in Emission Laboratory No. 2.
The AVL emissions system in Laboratory No. 1 consists of
a CVS 160 sampling system, together with a dilution tunnel
(Fig. 7), a set of AMA 160 SII D1 LE exhaust analyzers and
an AVL iGEM management system (Fig. 8).

Fig. 6. View of a motorcycle positioned on the chassis dynamometer
in Emission Laboratory No. 2

Fig. 7. AVL’s dilution tunnel in Emission Laboratory No. 1

Fig. 8. AVL iGEM emission system management in Emission Laboratory
No. 1

The Horiba emissions system in Laboratory No. 2 con-
sists of a CVS-CFV sampling system, together with a dilu-
tion tunnel (Fig. 9), a set of MEXA 7400 HRTLE exhaust
analyzers and a VETS7000NT management system
(Fig. 10).

Fig. 9. HORIBA’s dilution tunnel in Emission Laboratory No. 2
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Fig. 10. HORIBA VETS emission system management in Emission
Laboratory No. 2

Sample bags of both emissions systems for the sampling
of ambient and exhaust gases are housed in a heated, insu-
lated units maintained at 35°C to prevent condensation. The
dilution tunnels are connected to installations for filtering
diluted exhaust gas through particulate matter filters, which
are weighed before and after testing to quantify emission of
PM from any vehicle type. The AVL iGEM control soft-
ware and the HoribaVETS7000NT control software main-
tain the analyzers and their various activities during testing
and analysis of bag emissions, such as calibration, purging,
etc. Both systems automate the signals sent to the driver’s
aids, and include options for testing over all the test cycles
previously mentioned, as well as any other cycle added to
the system via the implementation of new programs. Addi-
tionally, the software monitors the laboratories’ environ-
mental parameters (temperature, pressure, humidity) as well
as ambient concentrations of HC, CH,, CO, and O, within
the chamber to ensure that each test is safe, reliable, repeat-
able and thoroughly documented.

The climatic chamber for PM stabilization and
weighting

European emission legislation (and others) also require
increased accuracy of particulate sample filter weighing, as
well as specially equipped climatic rooms in which to in-
stall the microbalance for filter weighing. The climatic
chamber for stabilization and weighing of PM membrane
filters for use in emission tests has been described previous-
ly [19], and is shown in Fig. 11. The temperature inside the
chamber is maintained within the range +20°C to +30°C
(with a tolerance of £2°C), and the humidity is maintained
within the range 35%-55% (with a tolerance +6%),
throughout the prescribed stabilization and weighing peri-
ods for the PM membrane filter.

REESS charge balance measurement

The measurement of RCB in all phases of WLTC is re-
quired for all batteries installed on the vehicles (all low
voltage and high voltage batteries) [11, 15]. The electricity
balance (AEgggss) is equivalent to the value of current at the
end of the cycle compared to the beginning of the cycle,
multiplied by the nominal battery voltage (e.g. 12 V) to

give a final value for the change in electrical power. The
REESS charge balance measurement for WLTP testing can
have an influence on the final fuel consumption results and
a legislative exhaust emissions laboratory must be equipped
with measurement devices capable of providing this func-
tionality. The current measurement on the electrical and
hybrid vehicles during all type of emission test and precon-
ditioning cycles as well. In BOSMAL's emissions systems,
those requirements are fulfilled by using a Hioki Power
PW3390 Analyzer and suitable current measurement probes
(Fig. 12) in the Horiba VETS emission system and stand-
alone current probes directly connected to the AVL iGEM
system (Fig. 12, Table 4). The current measurement is inte-
grated over time at minimum frequency of 20 Hz yielding
the measured value of current, expressed in ampere-hours
Ah [21]. The Hioki Power Analyzer PW 3390 has four
current channels and four voltage channels, which provide
to possibilities to measure all four current and voltage sig-
nals at the same time.

Fig. 11. The balance, filter conditioning racks and filter cartridges
in the climate controlled weighing chamber

Fig. 12. Hioki Power Analyzer PW3390 with the current probe using
as a set (Horiba system) or as a standalone device (AVL iGEM system)

2.2. Emissions measurement for development purposes
(non-legislative measurements)

BOSMAL has over 45 years’ experience and wide possi-
bilities of development emission measurement with diluted
and undiluted modal analysis of exhaust gas. BOSMAL’s
laboratories have the possibilities to carried the engine
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(‘Pre-Cat’) and tailpipe (‘Post-Cat’) development undiluted
measurement and diluted modal analysis from the dilution
tunnel on a second-by-second basis (for use with CI, SI and
Hybrid vehicles). These facilities permit the execution of
a wide range of development emissions tests, including:

Table 4. Specification of the Hioki 3390 Power Analyzer and the current
probes CT6843 and CT6844

Parameter Unit Hioki 3390
Voltage range (7 ranges) \Y 15-1500
Current range A 0.1-20 kA
Frequency range Hz 0.5-20
Current channels - 4
Voltage channels 4

Parameter Unit Current probe CT6843

Rated current A 200
Operating temperature °C —40 to +85
Maximum frequency kHz 500
Parameter Unit Current probe CT6844
Rated current A 500
Operating temperature °C —40 to +85
Maximum frequency kHz 200

modal analysis of diluted and raw exhaust gases,

modal analysis of raw exhaust sampled from two loca-
tions (nominally pre-cat & post-cat, but the sampling
locations are flexible),

measurement and archival of temperatures from up to
eight thermocouples mounted at different locations on
the vehicle and on the exhaust line at 10 Hz,
measurement of the air-fuel ratio and calculation of A
and the EGR percentage,

catalytic converter efficiency testing (and determination
of light-off time) for elimination of THC, CH,;, NMHC,
CO, NO, NO, and NO,,

measurement of unregulated compounds such as N,O,
NHj; using additional analyzers,

measurement of modal (raw, undiluted exhaust gas) PN
using an additional particulate counter with advanced,
optional hardware for sampling under high temperature
and pressure conditions,

unregulated soot measurement of undiluted exhaust gas,
opacity N [%] or absorption coefficient k [m™'] mea-
surement of undiluted exhaust gas.

The mentioned measurements are described below, with
the examples of devices used in BOSMAL’s laboratories.

Views of the prefilters of the raw exhaust gas sampling
lines for emissions measurements using the AVL emission
system and Horiba OVNs (raw exhaust gas sampling lines
of Horiba emission systems) are presented below (Fig. 13
and Fig. 14). The analyzers used in both emission system
with the ranges of gases are presented in Table 5 and
Table 6.

Fig. 13. The prefilters of tailpipe modal measurement of AVL iGEM
emission system

Fig. 14. The Horiba OVNss of tailpipe modal measurement
of Horiba emission system

Table 5. Component detection ranges of the Horiba MEXA exhaust gas analysis system

MEXA 7400 HTRLE + MEXA 7500 DEGR Modal Emission Analysis System

Line Low Emission Diluted PreCat PostCat EGR Tracer CO,

Component (detection principle) Range Range Range Range Range Range
co(y (NDIR) [ppm] 0- 500 0- 1000 0-5000 0-5000 . .
CO(H) (NDIR) 1%] - 0-10 0-10 0-5000 - -

co, (NDIR) 1%] 0-20 0-20 0-20 0-20 0-20 0-20
0, (MPA) 1%] - 0-25 - - -
NO, (CLD) [ppm] 0- 100 0- 1000 0-6000 0- 6000 . .
NO (CLD) [ppm] . 0-6000 0- 6000 . .
THC (FID) [ppmC1] 0-50 0-3000 0-37000 0-37000 . .
THC (HFID) [ppmC1] - 0-3000 - - - -
CH, (GC-FID) [ppmC1] 0- 400 0-20000 0- 20000 . .
—— (HFID) (opmCl] ] 0- 37000 (THC) | 0- 37000 (THC) ] ]

0-20000(CHa) | 0-20000(CHa)
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Table 6. Component detection ranges of the AVL AMA exhaust gas analysis system

AVL AMA i60 Modal Emission Analysis System

Line Diluted PreCat PostCat Tracer CO,

Component (detection principle) Range Range LENT] Range
co(L) (NDIR) [ppm] 0- 5000 0- 1000 0- 1000 -
CO (H) (NDIR) [%] 0-0.5 0-10 0-10 -

co, (NDIR) [%] 0-20 0-20 0-20 0-20
0, (PMD) [ppm] - 0- 250000 0- 250 000 -
NO, /NO (cLD) [ppm] 0- 1000 0- 6000 0- 6000 -
THC (FID) [ppmC1] 0- 3000 0- 37000 0-10000 -
CH, (FID) [ppmC1] 0- 400 0- 20 000 0- 3000 -

(NMHC Cutter)

The raw modal results calculation is based on the Tracer
CO, method in the Horiba emission system as a stand-alone
line. In the AVL emission systems, the Tracer CO, method is
used, and the second possibility in AVL emission system is the
measurement of highly dynamic gas flows. The AVL emission
system was built to include the AVL FLOWSONIX™ Air
measurement unit (Fig. 15). The ultrasonic transit time
measurement principle combined with specifically devel-
oped AVL ultrasonic sensors is capable of measuring high-
ly dynamic bidirectional air flows with a data rate of up to
1 kHz [22]. The working range of air flow measurement is
0-2600 kg/h. The ultrasonic sensor is more precise in com-
parison to the CO, Tracer method during the emission test-
ing of vehicle with partially or fully hybridized powertrains
(including mild hybrids and the simplest variants: micro
hybrids with Stop & Start systems).

Fig. 15. The AVL FLOWSONIX™ unit mounted on the dilution tunnel
in Emission Laboratory No. 1

Dedicated RNC measurement devices

Emissions of reactive nitrogen compounds (RNCs) such
as nitric oxide (NO), nitrogen dioxide (NO,), and ammonia
(NH;) have a real impact on air quality in city centres and
urban agglomerations. Unregulated compound of exhaust
emission gas like NH; contributes to the formation of sec-
ondary particulate aerosols, an important air pollutant of
impacts on human health [24]. In BOSMAL’s laboratories
online modal measurements are provided by two types of
RNC/NH; analysers: MEXA 1400QL-NX (Fig. 16) meas-
uring all RNCs, produced by the Japanese firm HORIBA
and AMA i60 LDD measuring NH; only (Fig. 16) produced
by the Austrian firm AVL. The specifications of both de-
vices are presented in Table 7. The MEXA-1400QL-NX is
an analyser for direct measurement of all four RNCs: NO,
NO,, N,O, NH; simultaneously in exhaust gas in real-time,
sampled at the tailpipe or closer to the vehicle’s aftertreat-
ment or even in the CVS system as well. The measuring

principle of MEXA-1400QL-NX based on the IR spectros-
copy method.

Table 7. Specification of the HORIBA MEXA-1400QL-NX and AVL

AMA 160 LDD

Parameter IO

Aramete MEXA-1400QL-NX
Measurin Quantum Cascade Fourier-Transform

rinciple & Laser infrared spec- InfraRed
P P troscopy (Laser Diode Detector)
Min. NHj range 0-50 ppm 0-100 ppm
Max. NH; range 0-2 000 ppm 0-5 000 ppm
Sample gas 113°C 190°C
condition
Perm} ssible Stable within the range +5. Cup .tO +40. C
Ambient o A optional air condition

of 5°C to 35°C
Temperature on request
Response time Swm;?;n %\'15 tSO(IEI};-I < 1.5 sec (depending
T 1090 for NH3 g M2 » on the flow)
at 50 ppm range)

Fig. 16. View of software of HORIBA MEXA-1400QL-NX stand-alone
analyzer of NHj in the emission laboratory

Fig. 17. View of software of AVL AMA i60 LDD stand-alone analyzer of
NH; in the emission laboratory
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Soot measurement

All combustion engines, but especially compression ig-
nition and spark ignition engines with direct injection
(DISI) produce unhealthy particles (soot) which are one of
dangerous pollutants emitted by combustion engines and
which have been regulated in various ways since the 1980s
[25, 26]. In development testing on the chassis dyno,
BOSMAL can carry out undiluted soot measurements per-
formed using AVL Opacimeter AVLA39 (Fig. 18) and
Micro Soot Sensor AVLA483 (Fig. 19) devices as tailpipe
and engine out measurements. In the case of engine out
measurements a special conditioning unit controlled by
AVLAS3 (high pressure optional unit) is required, which
provide the possibility to perform development testing of
engines in the range of pressure relative to ambient pressure
from O mbar to +3000 mbar. The exhaust gas temperature
could increase up to 800°C in comparison to tailpipe meas-
urement, where the temperature is normally limited to
600°C.

Fig. 18. AVL439 Opacimeter with high pressure optional unit (below)

Fig. 19. View of AVL483 Micro Soot Sensor unit

Particle number counter

Measurement of particle number (PN) in the range of
direct undiluted exhaust was introduced in BOSMAL’s
laboratories in 2010. The AVL APC features a wide meas-
uring range (CPC count < 10 000 particles/cm”) for various
engine-aftertreatment combinations, so that repeatable
results can be obtained for CI and DISI vehicles with en-
gine out sampling and tailpipe sampling by using a high
pressure and temperature solution (Fig. 21). This specifica-
tion provides to use concentration reduction (known as
‘PCRF’ in this context) in the range of 2 000-20 000 com-
pared to 100-3 000 for tunnel measurement (the legislative
method). The main difference of the principle of both op-
tions’ functionality is the possibility to increase the PND1
dilution level and updated software is required for this
purpose. While the main purpose of these systems is legis-
lative measurements, the systems also archive second-by-
second data of raw PN emissions from undiluted exhaust
gases, so that comparisons with the second-by-second data
of PN emissions from the legislative tunnel measurement
could be presented. Such a comparison between diluted and
undiluted measurement possibilities is presented in Table 8.

Fig.20. Advance high pressure and temperature option for undiluted
emissions measurement of APC AVL device

Table 8. Comparison of diluted and undiluted PN measurement

Diluted

Parameter Undiluted option

(CERTIFICATION) (ADVANCE)
. 0 ... 30,000 p/cm?
3 ,
Measuring range 0 ... 30,000 p/cm up 10 50,000 p/em?
Diluted measurement
Diluted measurement (CVY),
Field (CVY), partial flow dilution
of application partial flow dilution (PFDS),
(PFDS) raw exhaust measure-
ment
Total Dilution 100-3 000 2 000-20 000
Exhaust o < 600°C
temperature <200°C Up to 1000°C
+200 mbar
+
Exhaust pressure +200 mbar Up t0 2000 mbar

TSI EEPS size distribution spectrometer

The current debate in the EU on the application of the
particle measurement size below 23 nm (down to 10 nm)
[16, 24] creates the requirement to measure and test the
emission of particle number in the range below the current
lower limit. This can be achieved via the Engine Exhaust
Particle Sizer (EEPS™) 3090 spectrometer device, which
measures the size distribution of engine exhaust particle
emissions from 5.6 to 560 nm with the fastest time resolu-
tion available (10 Hz). Users can visualize and study the
dynamic behaviour of particle emissions that occur during
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transient test cycles, during the first few seconds following
a cold start, or during regeneration of a particle trap or
diesel particulate filter (DPF). For development purposes, it
is possible to analyse the particle size distribution as an
function of particle size (Fig. 21). The sampling line is
heated up to 80°C, 120°C or 150°C and the gases are dilut-
ed in the Rotating Disk Thermodiluter which is especially
suited for sampling, diluting, and conditioning exhaust
particles in based on two nominal dilution ranges: 1" range
from 15:1 to 300:1 and 2™ range from 150:1 to 3 000:1.
A view of the thermodiluter mounted at the tailpipe sam-
pling point is presented in Fig. 22.
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Fig. 21. An example of the particle size distribution over the WLTC

Fig. 22. The EEPS spectrometer and the Rotating Disk Thermodiluter with
the heated sampling line mounted on the tailpipe during an emission test

3. RDE testing

New requirements for type approval testing [11, 15] in-
clude real driving emissions (RDE) tests as well. RDE tests
require the measurement of exhaust emissions outside the
laboratory using portable emissions measurement systems
(PEMS), but for R&D purposes, such devices can also be
used in the laboratory on a chassis dynamometer instead of
on the road. As such, PEMS systems can be understood to
be components of a modern exhaust emissions laboratory.
BOSMAL’s laboratories are equipped with an AVL
M.O.V.E. GAS PEMS and PN PEMS system and a HORI-
BA OBS-ONE PEMS system. Both systems and their use
for legislative and development testing will be presented
during the 8" International Congress on Combustion En-
gines in Cracow, Poland, on 17-18 June, 2019 and a de-
scription and detailed technical discussion will be published
in this journal with the title Development of RDE test meth-
odology in light of Euro 6d emissions requirements (Au-

thor: Dr Piotr Pajdowski, Co-authors: Joseph Woodburn,
Piotr Bielaczyc, Bartosz Puchatka). Overall views of both
PEMS systems are presented in Fig. 23 and Fig. 24.

4. Summary

The introduction of new, ever more stringent emissions
standards, such as Euro 6d [11, 15, 17, 26], the planned
Euro 7 standard, globally-harmonized test procedures (the
WLTP) and even local emissions limits (city/local authority
vehicle circulation restrictions) [27] necessitate continuous
financial and intellectual investment in emissions testing
systems, technical know-how and thorough knowledge of
test procedures and the interpretation of results.

Fig.23. M.O.V. E. GAS PEMS and M.O.V.E. PN PEMS mounted
on a passenger car for an RDE test

Fig. 24. OBS-ONE HORIBA mounted inside a passenger car for
an RDE test

BOSMAL Automotive R&D Institute (Bielsko-Biala,
Poland) is one of the largest research centers in Europe
specializing in research on engines and automotive compo-
nents as well as complete cars. BOSMAL cooperates with
many leading vehicle and engine manufacturers to explore
and launch new models of vehicles (gasoline, Diesel, CNG,
LNG, hybrid — and increasingly electric) that meet increas-
ingly stringent emission standards and assists in the devel-
opment of new engine designs, reducing vehicular fuel
consumption and the introduction of alternative powertrains
and fuels. The two state-of-the-art laboratories described in
this paper permit BOSMAL to compete in the international
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automotive arena in the testing and fulfilling of new re-
quirements, more complex measurement techniques used in
automotive emissions research. The laboratories have al-
ready been put to use in a range of projects representing the
cutting-edge tests required by the industry, including a wide
range of exhaust emissions analysis, performance tests, fuel
consumption tests, engine oils and fuel assessments, after-
treatment systems research and cold start drivability/ emis-
sions testing at various test cell temperatures. The perfor-
mance of the new facilities have been highly satisfactory
for BOSMAL and its customers alike. In addition to chang-
es to testing hardware and its control software, test methods
must be continually evaluated and developed, in concert
with the demands of relevant legislation and private cus-
tomers’ expectations and test specifications. Possession of
an accreditation No. AB 128 (Fig. 25) for type approval in
the range of exhaust emissions and fuel consumption test-
ing mean BOSMAL has a place among the most profes-
sional and advanced laboratories of this type in Europe. The
BOSMAL AR&DI Ltd. is a private and independent com-

pany which are offering wide range of accredited testing,
service, design and production for all Customers which
want to perform specialized works witch high professional
quality.

Fig. 25. BOSMAL’s accreditation certificate for testing laboratory
AB 128 with confirmation of the PN-EN ISO/IEC 17025:2005 standard

Nomenclature

CARB California Air Resources Board PN Particle number

CI Compression ignition PNC  Particle number counter

CNG Compressed natural gas ppm  Parts per million

CVS  Constant volume sampling RCB  REESS charge balance

DISI  Direct injection spark ignition RDE  Real Driving Emissions

DPF  Diesel particulate filter REESS Rechargeable electric energy storage system
EPA  Environmental Protection Agency RNC  Reactive Nitrogen Compound

EU European Union SCR  Selective Catalytic Reduction

FTIR  Fourier-transform infrared spectroscopy SFTP  Supplemental Federal Test Procedure

GHG  Greenhouse gas emissions SI Spark ignition

IR Infrared spectroscopy VETS Vehicle Emissions Testing System (Horiba trade-
nm nanometer mark)

PEMS Portable Emission Measurement System WLTC Worldwide harmonized light-duty cycle

PM Particulate mass WLTP Worldwide harmonized light-duty test procedures
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Exhaust emission from a vehicle engine operating in dynamic states and conditions
corresponding to real driving

The article presents the exhaust emission results from a diesel engine in dynamic states of engine operation in the driving tests:
NEDC (New European Driving Cycle) and Malta test, developed at the Poznan University of Technology. The NEDC and Malta tests
were carried out as simulations on the engine test bench mimicking the driving tests conditions. The test results of the emission of carbon
monoxide, hydrocarbons and nitrogen oxides obtained in each of the tests were presented. The dynamic states have been classified de-
pending on the time derivative value of the torque and engine rotational speed. Both the positive and negative as well as zero time deriv-
ative values of torque and rotational speed were considered. Therefore, overall six types of dynamic states were analyzed. A high sensi-
tivity of exhaust emission to various types of dynamic states was found. The exhaust emission sensitivity to dynamic states in the Malta
test was found to be higher than for the NEDC test, although these tests have similar properties (average rotational speed and average
torque). This is due to the fact that the NEDC test is created on the basis of the similarity of zero-dimensional characteristics of the car's
speed characteristic, whereas the Malta test was designed in accordance with the principle of faithful representation in the time domain

of the NEDC speed curve.

Keywords: combustion engines, exhaust emissions, dynamic states

1. Introduction

The functional properties of internal combustion en-
gines depend on the operating states of the engines, which
means also on the occurrence of dynamic states of opera-
tion [3-8]. As operating states of internal combustion en-
gines, one can consider — in thermally stabilized conditions
— the quantities characterizing the engine operation. There-
fore, the engine operating conditions that were considered
for analysis included: rotational speed and torque, charac-
terizing the engine load [6].

The exhaust emissions [3, 4, 6-8] are particularly im-
portant among the properties of internal combustion en-
gines. While the influence of static states of engines' oper-
ation on exhaust emission is possible to evaluate unam-
biguously as a result of empirical research, the diversity of
types of dynamic states prevents such unambiguity of test
results [6]. Therefore, the exhaust emission testing taking
into account dynamic states is usually carried out in dy-
namic tests adopted as standards. As a result of such tests,
averaged value results are obtained, characterizing the
total effect of these states, both dynamic and static, on the
exhaust emission. Such tests are carried out in type ap-
proval procedures. It is much more difficult to try to as-
sess specific types of dynamic states on the operating
properties of internal combustion engines. The results
obtained this way [3, 4, 6-8] are, however, difficult to
generalize.

In this work, attempts have been made to test the emis-
sion of pollutants from the compression-ignition engine in
dynamic states in tests: NEDC (New European Driving
Cycle) [9] and the Malta test [1, 2], developed at Poznan
University of Technology to simulate the NEDC test in
accordance with the similarity criterion of zero dimensional
characteristics of the vehicle speed characteristic.

2. Test object and measuring equipment

The test object was a Fiat 1.3 JTD (MultiJet) engine. It
was a 4-cylinder compression-ignition engine with turbo-
charging with displacement of 1.3 dm’, and having a Euro 4
emission class.

Engine dynamometer tests were carried out at the AVL
Dynoroad 120 kW that enabled testing in dynamic condi-
tions. The dynamometer software enables simulation of the
operating states of an internal combustion engine corre-
sponding to the engine operation in the conditions of vehi-
cle movement. As a result, it was possible to test the engine
on the test bench simulating real vehicle operating condi-
tions for a Fiat Idea passenger car, in the NEDC and Malta
tests.

The exhaust gas analysis was performed with the Sem-
tech DS analyzer. The analyzer meets the ISO 1065 re-
quirements in the field of exhaust emissions testing with
PEMS systems. The Semtech DS analyzer is equipped with
the following measuring modules:

— FID (Flame Ionization Detector) for determining hydro-
carbon concentration,

— NDUV type analyzer (Non-Dispersive Ultraviolet) to
measure the concentration of nitric oxide and dioxide,

— NIDR (Non-Dispersive Infrared) type analyzer to meas-
ure carbon monoxide and carbon dioxide concentration,

— electrochemical analyzer for oxygen concentration de-
termination.

In addition to measuring the concentration of exhaust
components, the Semtech DS analyzer also allows the
measurement of the exhaust gases mass flow.

Measurement values in dynamic conditions were rec-
orded at a frequency of 10 Hz.

The test object and measuring apparatus are described in
detail in [1, 2].
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3. Test results

Figures 1 and 2 show the rotational speed characteristic
in the NEDC and Malta tests, and in Figures 3 and 4 the
relative torque characteristic in these tests.

The relative torque for a specific engine speed is de-
fined as the torque ratio for this speed and the maximum
torque for the same speed:

g}%g (1)

emax

M., (n)=

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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Fig. 1. Engine speed characteristic for the NEDC test
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Fig. 2. Engine speed characteristic for the Malta test
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Fig. 3. Relative torque characteristic for the NEDC test
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Fig. 4. Relative torque characteristic for the Malta test

The average values of rotational speed and relative
torque are similar for both tests — Fig. 5 and 6, while the
differences occur in the case of the variation coefficient
(Fig. 7 and 8) — the relative coefficient of variation of the
torque for the Malta test is noticeably greater (relative dif-
ference of around 0.3) — Fig. 8.

Figures 9-14 show the exhaust emission intensity char-
acteristics of carbon monoxide, hydrocarbons and nitrogen
oxides in the NEDC and Malta tests.

1600

1400 |
1200 |
1000 |
800 |
600 |
400 |
2007 |

NEDC

Av[n] [min™]

Malta
Test

Fig. 5. Average engine speed value in the NEDC and Malta tests
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Fig. 6. Rotational speed coefficient of variation in NEDC and Malta tests
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4. Test results analysis
The following defined conditions are accepted as basic
dynamic states of the engine operation:

@
M, | aM, _ | e
dt dt dt

In addition, dynamic states related to both rotational
speed and relative torque can be considered:

d7n<0 D%<0 d7n<0 D%:O d7n<0 D%>0

dt dt dt dt dt dt
oM. ofdn o g M. _jdn 5 g M 3)
dt dt dt dt dt dt

dn dM, <0 dn dM, -0 dn dM, >0

dt dt dt dt dt dt

The time derivative constancy condition was taken with
an accuracy of + 0.02 of the derivative range with respect to
time. Figures 15-20 show the average value of exhaust
emission intensity in the NEDC test and in states corre-
sponding to the negative, zero and positive speed derivative
relative to time values and in the states corresponding to the
negative, zero and positive time derivative values of the
relative torque.
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Fig. 15. The average value of the carbon monoxide emission in the NEDC
test and in the states corresponding to the negative, zero and positive time
derivative values of the engine speed
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Fig. 16. The average value of the carbon monoxide emission in the NEDC
test and in the states corresponding to the negative, zero and positive time
derivative values of the engine torque
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17. The average value of the hydrocarbons emission in the NEDC test
in the states corresponding to the negative, zero and positive time
derivative values of the engine speed
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18. The average value of the hydrocarbons emission in the NEDC test
in the states corresponding to the negative, zero and positive time
derivative values of the engine torque
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Fig. 19. The average value of the nitrogen oxides emission in the NEDC
test and in the states corresponding to the negative, zero and positive time
derivative values of the engine speed
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Figures 21-26 show the average value of the exhaust 0,0001
emission intensity in the Malta test and in states corre-
sponding to the negative, zero and positive time derivative 0,00008+
values of the engine speed and in the states corresponding -
to the negative, zero and positive time derivative values of 2 0000067
the relative torque. §
Figures 27-32 present a comparison of the mean ex- Z 0000047
haust emission intensity in the test and in states correspond-
ing to the negative, zero and positive values of the engine 0:000027
speed derivative with respect to time — for the NEDC and
Malta tests. " Test dMer/dt < 0 dMer/dt=0  dMer/dt >0

Fig. 24. Mean value of the hydrocarbons exhaust emission in the Malta test
and in the states corresponding to the negative, zero and positive values of
the engine torque derivative with respect to time
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Fig. 21. Mean value of the carbon monoxide exhaust emission in the Malta 0-
test and in the states corresponding to the negative, zero and positive Test dn/dt <0 dn/dt =0 dn/dt>0
values of the engine speed derivative with respect to time Fig. 25. Mean value of the nitrogen oxides exhaust emission in the Malta

test and in the states corresponding to the negative, zero and positive
values of the engine speed derivative with respect to time
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Fig. 22. Mean value of the carbon monoxide exhaust emission in the Malta

test and in the states corresponding to the negative, zero and positive
values of the engine torque derivative with respect to time

Fig. 26. Mean value of the nitrogen oxides exhaust emission in the Malta
test and in the states corresponding to the negative, zero and positive
values of the engine torque derivative with respect to time
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Fig. 27. Comparison of the mean carbon monoxide emission value in the
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and in the states corresponding to the negative, zero and positive values of values of the engine speed derivative with respect to time — for the NEDC
the engine speed derivative with respect to time and Malta tests
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Fig. 28. Comparison of the mean carbon monoxide emission value in the
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values of the engine torque derivative with respect to time — for the NEDC
and Malta tests
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Fig. 29. Comparison of the mean hydrocarbons emission value in the test
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the engine speed derivative with respect to time — for the NEDC and Malta
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Fig. 30. Comparison of the mean hydrocarbons emission value in the test

and in the states corresponding to the negative, zero and positive values of

the engine torque derivative with respect to time — for the NEDC and
Malta tests
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Fig. 31. Comparison of the mean nitrogen oxides emission value in the test

and in the states corresponding to the negative, zero and positive values of

the engine speed derivative with respect to time — for the NEDC and Malta
tests
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Fig. 32. Comparison of the mean nitrogen oxides emission value in the test

and in the states corresponding to the negative, zero and positive values of

the engine torque derivative with respect to time — for the NEDC and
Malta tests

The sensitivity of exhaust emission values to dynamic
states was assessed based on the coefficient of variation of
the average exhaust emission intensity value in individual
elementary dynamic states — table and fig. 33 and 34.

Table 1. Coefficient of variation of the average exhaust emission intensity
value in individual elementary dynamic states

Test
Component CO | HC NOx
Dynamic state category
dn/dt 0.666 | 0.377 | 0.130
dM../dt NEDC 0.619 10480 | 0.334
dn/dt Malta 0.655]0.490 | 0.567
dM../dt 0.933]0.353] 0.568
0.87 ENEDC
H Malta
0,6
W 0,44
0,2
0,
co HC NOx
Polutant

Fig. 33. The coefficient of variation of the average emission intensity
value in individual elementary states of dynamic rotational speed variation
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Fig. 34. The coefficient of variation of the average emission intensity
value in individual elementar