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The influence of cetane-detergent additives into diesel fuel increased to 10% (V/V)
of RME content on energy parameters and exhaust gas composition of a diesel
engine

To avoid the negative effects of increasing the amount of RME in the diesel fuel (to 10%), three different additive packages were
used: stabilising, cleaning, and increasing the cetane number with different concentrations. The tests were carried out using
a 4-cylinder, turbocharged 1.9 TDI engine from VW. The tests were carried out for 4 fuels (comparative fuel with a content of 7% RME
and 3 test fuels with a content of 10% RME, differing in the content of the additive package. It was found that each of the 3 additive
packages used does not have a significant impact on fuel consumption. However, a different effect of the tested additives on the composi-
tion of exhaust gases was observed. The first package had a slight effect on reducing the NO, concentration in the exhaust, but only for
small engine loads. On the other hand, the second additive pack worked more effectively only at higher engine loads (in relation to the
reduction of NO, concentration in the exhaust gases). In the third packet, the amount of the cetane additive was doubled (compared to
the second packet). Then, the reduction in the NO, concentration in the exhaust gas by 3-8% was obtained with reference to the compar-
ative fuel.
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1. Introduction the level of dosing of the stabilizers taking synergistic part
According to EU preferences, for well-known reasons,  in creation of free radicals in the area of low-temperature
the aim is to increase the rapeseed methyl ester (RME) and indirect oxidation of the B10 diesel fuel. In this man-
content in the diesel fuel standard. Currently (2019) the ner, 4 fuels were created, which then underwent engine
mandatory RME add-on to diesel fuel, which is sold at tests:
petrol stations in Europe, is 7%. The fuel used in the tests B TM/134/18 — comparative fuel B7 (7% (V/V) RME)
contained 10% of RME. Unfortunately, however, an in- M TM/135/18 — B10 fuel with the Innocet® A package
crease in the amount of methyl esters of vegetable oils is M TM/136/18 — B10 fuel with the Innocet” B package
related to i.e. a decrease in the stability of such fuel during M TM/154/18 — B10 fuel with the Innocet® C package
storage, increased pollution of the combustion chamber and

fuel injector, and increased NO, concentration in the engine Table 1. Physical and chemical properties of B10 diesel fuel
exhaust. Then the increase in NO, emissions in the exhaust Property Unit Results
gases is mainly the result of the influence of RME on the Cetane number = 52.343.0
elongation of the self-ignition delay and what is connected gg:;zg ?rfd”;ser derivative = 52'54(1) ig'ég
with the increase in the combustion dynamics and conse- Density at 15 °C e/ 8304 204
quently the maximum combustion temperature. Therefore, PAH content % (m/m) 1.120.5
to avoid the mentioned negative effects of increasing the Sulfur content mg/kg 4.9+1.2
amount of RME in the fuel (to 10%), three different addi- Manganese content mg/l <05
tive packages were used: stabilising, cleaning, and increas- Effgogigl — ¢ 60.5£2.5
ing the cetane number with different concentrations. The (on 10% distillation residue) % (m/m) | 0.016+0.012
tests were carried out using a 4-cylinder, turbocharged 1.9 Water content ma/kg 60 +38
TDI engine from VW. The tests were carried out for 4 fuels Total contamination mg/kg 20.5 £5.4
(comparative fuel with a content of 7% RME and 3 test Cooper strip corrosion (3h at 50 °C) corrosion 1
fuels with a content of 10% RME, differing in the content — - rate
o Oxidation stability (g/m?) g/m? 8 +7
of the additive package). For all the fuels, the measure- Oxidation stability [110 °C] (Ranci-
ments were carried out at constant engine speed and 6 en- mat) h 231
gine loads. Lubricity, wear scar diameter at 60 °C pum 165 £73
Viscosity at 40°C mm?/s 2.730 +£0.022
2. Characteristics of used and tested fuels Distillation
Three Innocet® detergent-dispersing packages (A, B, 76(V/V) recovered at 250 °C %(VIV) 36819
and C) were used. The B10 diesel fuel (10% (by vol.) of éés(%é\\;}\%cr?égﬁ;é ztso c A’ng) 35953;169.6
RME), whose physico-chemical characteristics are shown Fatty acid methyl ester (RME) con- .
in Table 1, was enhanced with the A, B, and C Innocet® tent H(VIV) 9-90.5
packages in the quantity of 1,500 mg/kg. Such enhanced Ash content % (m/m) <0.001

B10 diesel fuel had cetane number equal to 58. The In-
nocet® A, B, and C packages contained 50 mg/kg of
a commercial detergent-dispersing additive and differed by

3. Characteristics of laboratory for engine tests
The engine tests of the fuels in question were performed
at the Internal-Combustion Engines Laboratory of the Insti-
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tute of Motor Vehicles and Internal-Combustion Engines of

the Cracow University of Technology.

Tests for each of the tested fuels were carried out using
a 4-cylinder diesel engine, type 1.9 TDI (AJM version),
made by VW, whose technical characteristics are shown in
Table 2.

Each of the 4 fuels made it possible to determine, on the
background of the load characteristics of the engine (at the
rotational speed corresponding to the maximum torque), 5
groups of engine parameters:

— energy parameters of engine (fuel consumption, total
efficiency of diesel engine),

— composition of exhaust gases (concentration of CO,
THC, NO, and smoke),

— parameters of engine systems (e.g. start of fuel injec-
tion, temperature and pressure of air after turbocharger,
temperature of exhaust gases, percent of EGR),

— parameters of indicator diagrams (e.g. start of self-
combustion, maximum rate of combustion pressure,
maximum of combustion pressure),

— parameters of heat release diagrams (e.g. maximum of
kinetic and diffusion heat release, end of combustion).

Table 2. Technical parameters of VW 1.9 TDI (type AJM)

type of fuel ignition self-ignition
cylinder layout in-line
the number of cylinders 4

the turbocharger. For comprehensive analysis, the impact of
the engine load on the boost pressure and the start of fuel
injection were measured. In the second part of the article,
the AVL Indimeter 617D was also used to determine and
analyze the fast-changing pressure in the engine cylinder
(as a function of the engine crankshaft rotation angle) and
to calculate the rate of heat release.

4. Experimental

4.1. Energy parameters of the engine

Because the impact of engine load on most of the ana-
lyzed parameters is much higher than the impact of the
tested fuel additives, a linear load characteristics analysis is
very difficult. Therefore, in order to perform a more accu-
rate analysis, bar graphs were prepared, based on cross-
sections of load characteristics, of all parameters for low,
medium, and high load of the engine (50 Nm, 150 Nm, and
250 Nm). As a result, with changed ranges of the value of
specific parameters (for different loads), it was easier to
analyze the impact of the tested fuels on the analyzed pa-
rameter.

The characteristics of the fuels used in the tests are
shown in item 2 of this paper.

The basic energy parameter of the engine (at a constant
rotational speed and engine load) is hourly fuel consump-
tion (Gpal [kg/h]) — Fig. 1.

piston diameter 79.5 mm 50 Nm
piston stroke 95.5 mm
engine displacement 1,896 cm® 200
geometric compression ratio 18
cylinders work order 1-3-4-2 = 2,95 WTM/134/18
rated gross power 85 kW ;f MTM/135/18
rated engine speed 4,000 rpm §- 2,90 :xﬁziﬁz
maximum engine speed 4450 rpm
maximum engine torque 285 Nm
rot. speed of maximum torque 2,000 rpm 2,85 -
volume of the engine cooling system 6.1 dm?
volume of the engine oil system 4.4dm? 150Nm
lubricating oil pressure 0.11-0.41 MPa 6,65
fuel supply system unit injectors
max. pressure of fuel injection 20 MPa WTM/134/18
hd TM/135/18
In order to measure and analyze the parameters of the ETM/136/18
engine fuelled sequentially by tested fuels was used part of WTM/154/18
the measuring systems, which are equipped laboratory of
Cracow University of Technology. The study was carried
out using the popular VW 1.9 TDI engine in the AJM ver-
sion (with unit injectors), popular in Europe, in passenger 250 Nm
cars and light commercial vehicles. This article describes 10,65
the influence of engine load (at max torque speed 2000
rpm) on the basic engine parameters and exhaust composi- 10,60 mTM/134/18
tion. In the study were used Schenk engine dynamometer, £ HTM/135/18
AVL Fuel Balance (for measure of fuel consumption) and = 1055 1 ETM/136/18
AVL Bench Emission System CEB Il for measuring the & BTM/154/18
concentration of gaseous components. In addition, the air 10507
temperature collected by the engine, the air temperature 1045 |
behind the turbocharger, behind the inter-cooler and into

the intake manifold (behind the EGR valve) were measured.
The exhaust gas temperature was measured before and after

Fig. 1. Hourly fuel consumption in selected duty points of the engine for
the four tested fuels
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At low and medium engine load, no beneficial impact of
the fuels with special additive packages (TM/135/18,
TM/136/18, and TM/154/18) was identified, compared to
the reference fuel (TM/134/18). The measured difference
between the values G, in this range of engine load is equal
to only approximately 1%. The situation is slightly different
in the case of a high engine load when the hourly fuel con-
sumption is slightly lower for all fuels with a special addi-
tive packages (TM/135/18,, TM/136/18, and TM/154/18))
compared to the TM/134/18 fuel. However, the change is
equal to approximately 1%. The relevant additives in prin-
ciple are supposed to influence the course of the combus-
tion process, including the speed of kinetic and diffusive
combustion in the engine chamber; consequently, their
influence will be visible mostly in the composition of the
exhaust gas, which is discussed in the next chapter.

Because the measurements were conducted at a constant
rotational speed of the engine, at constant engine load the
percentage changes of the hourly and unit fuel consumption
and of the general efficiency of the engine must be the
same. The conclusions of the analysis of the impact of
engine load on the hourly and unit fuel consumption and on
the general efficiency of the engine are certainly the same
as the conclusions from the analysis of the hourly fuel con-
sumption for the tested fuels.

4.2. Exhaust gas composition

From the point of view of the fast-changing processes in
a piston combustion engine, as far as combustion gas com-
position is concerned, the most important are the combus-
tion gas components that are limited during type testing.
This group includes carbon oxide (CO), gaseous hydrocar-
bons (THC), nitrogen oxides (NO,), particulate matter
(PM), and non-toxic carbon dioxide (CO,).

The principal objective of use of one of the additives in
the tested fuels (TM/135/18, TM/136/18, TM/154/18) was
to shorten the self-ignition delay ty, and, consequently, to
reduce the concentration of nitrogen oxides (NO,) in the
engine's exhaust gas. In the conditions present in the course
of the combustion process in the cylinder of a diesel engine,
emission of nitrogen oxides is related most of all to the
maximum combustion temperature (to a smaller extent with
availability of oxygen and duration of the nitrogen oxida-
tion reaction). Consequently, the shorter the self-ignition
delay (the shorter the time of gathering of the fuel dose in
the combustion chamber until the self-ignition), the smaller
the dose of fuel that undergoes self-ignition, which results
in a less dynamic combustion process (lower maximum
speed of kinetic combustion) and, consequently, lower
maximum combustion temperature, which leads to a lower
concentration and emission of NO, in the exhaust gas.

On the other hand, a reduction of the self-ignition delay,
tsp, of the fuel leads to a reduction of the time of mixing of
fuel with air before the fuel self-ignition, which results in
incomplete combustion, which in turn increases the emis-
sion of particulate matter and smoke opacity of the exhaust
gas. At the same time, a reduction of the ty, shortens the
time of gathering of fuel in the combustion chamber before
self-ignition, which, as has been mentioned, reduces the
maximum and average combustion temperature. A reduc-
tion of the combustion temperature leads to combustion of a

smaller quantity of soot and PM that have been produced.
Consequently, all in all, a reduction of the self-ignition
delay of the fuel involves an increased quantity of smoke
opacity of the exhaust gas and an increased emission of
particulate matter.

Based on the above brief analysis of the mechanisms of
occurrence of emission of particulate matter (PM) and ni-
trogen oxides (NO,), research on various diesel engines
tested for years in laboratories worldwide has demonstrated
that use of one design or regulation or fuel method, which
reduces the self-ignition delay, reduces the emission of NO,
but, at the same time, increases the emission of PM. This is
shown schematically in Fig. 2.

NO,
[g/h]

[

PM [g/h]

Fig. 2. Diagram of correlation between NO, and PM emissions

If design and regulation methods are used for the engine
or for fuel additives, usually several procedures are per-
formed that simultaneously reduce the emission of NO, and
PM (including smoke opacity D) in exhaust gas from a
diesel engine.

Figure 3 shows the impact of engine load on concentra-
tion of nitrogen oxides (NO,) in exhaust gas of an engine
supplied, consecutively, with the four tested fuels
TM/134/18, TM/135/18, TM/136/18, and TM/154/18. The
data shown in Fig. 3 indicates that at a low engine load use
of fuels with a special additive package does not have a
significant impact on the concentration of NO, in the ex-
haust gas. The observed differences between the concentra-
tion of NO, for the fuels used are equal to just several ppm
and are within the range of repeatability of the operation of
the engine and the measurement accuracy. In the quantita-
tive sense, the situation is similar for the average engine
load; however, in this operation range the concentration of
nitrogen oxides in the exhaust gas is systematically only a
little lower for fuels with the special additives packet
(TM/135/18, TM/136/18, and TM/154/18) compared to the
reference fuel (TM/134/18). Only at high engine loads, the
impact of one of the fuel additives, TM/154/18, on a reduc-
tion of concentration of nitrogen oxides in the exhaust gas
compared to other fuels, especially TM/134/18, becomes
clearly visible. The difference is 26 ppm (3.2%) at the load
of 250 Nm. For the maximum engine load that has been
applied (280 Nm), the difference is as large as 7%.

The intensity of the impact of this type of fuel additives
quite often depends on the engine temperature and, conse-
quently, on the engine load. A similar phenomenon is also
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observed when comparing the concentration of NO, in
exhaust gas of an engine supplied with fuels TM/134/18
and TM/154/18. Only at high engine loads, the concentra-
tion of nitrogen oxides in the exhaust gas is significantly
lower for the TM/154/18 fuel than for the TM/134/18 fuel.
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Fig. 3. NOy concentration in exhaust gas in selected duty points of the
engine for the four tested fuels

Due to the adopted test schedule, emission of particulate
matter (PM) was not measured. However, because emission
of particulate matter is largely related qualitatively to the
smoke opacity of exhaust gas (D), the latter parameter was
measured using the Bosch filtration method. The smoke
opacity (D) for various loads and for the analyzed fuels is
shown in Fig. 4. The accuracy of the measurement of
smoke opacity (D) using the Bosch filtration method is
equal to 0.05 °B. Thus, one can see that at low and medium
engine loads, the fuels used do not have a significant impact
on the smoke opacity of the exhaust gas; consequently, they
most likely also do not have a significant impact on emis-
sion of particulate matter (PM). Qualitatively, the exception
is the TM/154/18 fuel, which at all engine loads is charac-
terized by the highest smoke opacity of the exhaust gas.
This is particularly evident at high engine load where the
difference in the smoke opacity of the exhaust gas of the
engine supplied with the comparative fuel TM/134/18 and
the fuel TM/154/18 is as much as 0.15°B — Fig. 4. At the
same time, one must keep in mind that at that duty point of
the engine, that fuel is characterized by the lowest concen-

tration of NO, in the exhaust gas — Fig. 3. Consequently,
the relationship shown schematically in Fig. 2 is confirmed
again — the engine or fuel method that reduces the concen-
tration of NO, in the exhaust gas also increases the smoke
opacity of the exhaust gas. What was also confirmed is that
the intensity of impact of the fuel additives usually was
greater at higher engine loads.
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Fig. 4. Smoke opacity of the exhaust gas (D) at selected duty points of the
engine for the four tested fuels

Gaseous hydrocarbons (THC) in exhaust gas of a diesel
engine are the result of incomplete combustion and their
formation, even at sufficient quantities of oxygen, is associ-
ated mostly with too low temperature in the fuel combus-
tion zone. Because contemporary diesel engines, including
the engine used in the tests, due to the use of various design
and regulation measures, are characterized by very low
concentrations of THC in exhaust gas (even upstream of the
oxidizing catalytic converter) and their concentration is
usually equal to several or up to twenty ppm, this compo-
nent was intentionally not measured during the tests. More-
over, the conversion efficiency of commonly used oxidiz-
ing catalytic converters is so high that in reality the concen-
tration of THC in the exhaust gas emitted from diesel en-
gines is insignificant.

From a chemical standpoint, formation of carbon oxide
(CO) in combustion conditions in the cylinder of a diesel
engine is related to the global shortage of oxygen (homoge-
nous mixture). On the other hand, in a cylinder of a diesel
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engine, formation of CO (even given the global shortage of
oxygen) is possible due to local shortage of oxygen around
the jets of injected fuel after its self-ignition and in the
combustion process (heterogeneous mixture).
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Fig. 5. CO concentration in exhaust gas in selected duty points of the
engine for the four tested fuels

The concentration of carbon oxide (CO) presented for
the selected fuels in Fig. 5 in the entire range of load of the
diesel engine is definitely smaller than in spark-ignition
engines, which is due to the range of the value of the air
excess A used in diesel engines. Nevertheless, the differ-
ences in the CO concentrations measured in the exhaust gas
for the engine used in the tests and for the analyzed fuels
are very small. Moreover, as mentioned in the first para-
graphs of the chapter, the catalytic (oxidizing) converters
that are used make it possible to eliminate those differ-
ences. Consequently, in practice, the concentration of THC
and CO upstream of a catalytic converter is not important.

As mentioned in the first paragraphs of this chapter, the
concentration of CO, in the exhaust gas is correlated with
the quantity of consumed fuel. However, because the fuel
additives affect the hourly consumption of fuel only to
a minimum extent (within the limits of repeatability of the
operation of the engine — approx. 1%), then also the con-
centration of carbon dioxide (CO,) — Fig. 6 — in the exhaust
gas of the engine, for the analyzed fuels, shows little differ-
ence regardless of the engine load.
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Fig. 6. CO, concentration in exhaust gas in selected duty points of the
engine for the four tested fuels

In order to better understand the impact of the tested
fuels on the composition of the exhaust gas, an analysis was
performed of the indicator diagrams and the heat release
speed in the cylinder of the engine.

In order to better understand the impact of the tested
fuels on the composition of the exhaust gas and in order to
perform a cause and effect analysis of the occurring phe-
nomena, the measurements were expanded to include indi-
cation of the engine cylinder and calculations of the change
of the heat release speed as a function of the angle of rota-
tion of the engine crankshaft. A synthesis of the measured
parameters is presented in the second article by the same
authors, titled "Influence of cetane-detergent additives into
diesel fuel with RME content increased to 10% on the pa-
rameters of indicator diagrams and rate of heat release in
a diesel engine."

Conclusions

— The tests that were performed made it possible to draw
the following major conclusions concerning a compari-
son of the impact of the tested fuels (TM/135/18,
TM/136/18, and TM/154/18), compared to the reference
fuel (TM/134/18):

— The tested fuels (TM/135/18, TM/136/18, and
TM/154/18) have no practical impact (compared to the
TM/134/18 fuel) on the hourly fuel consumption (and,
consequently, also on the overall efficiency of the en-
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gine). The only differences observed during the tests are
within the limit of approx. 1%, which is within the limit
of engine operation repeatability.

— The TM/135/18 fuel has an impact on the engine opera-
tion process basically only at low engine loads. At such
loads, a small reduction of the concentration of nitrogen
oxides (NO,) in the exhaust gas of the engine was ob-
served.

— The TM/136/18 fuel has a different qualitative action
compared to the TM/135/18 fuel because its impact on
the operating process of the engine is noticeable only at
medium and high engine loads. At such loads, the con-
centration of NO, in the flue gas of the engine was re-
duced (compared to the comparative fuel TM/134/18).
Because usually a reduction of NO, concentration in
exhaust gas is accompanied by an increase of smoke
opacity of the exhaust gas, also in this case the
TM/136/18 fuel was characterized by a slightly higher
smoke opacity of the exhaust gas at high engine loads
(compared to the TM/134/18 fuel). Due to the small
practical impact of the TM/136/18 fuel on a reduction of
NOXx concentration in the exhaust gas, a decision was
made to use the TM/154/18 in which the concentration
of the additive that shortens the 1, is twice as high as
the concentration in the TM/136/18 fuel.

— The TM/154/18 fuel is characterized by similar qualita-
tive changes of the analyzed operating parameters of the

engine as the TM/136/18 fuel, whereby the changes are
much greater at medium and high engine loads. The im-
pact of that fuel at lower engine loads (0—80 Nm), with
reference to the energy parameters and the composition
of the exhaust gas of the engine, is negative. Only at
higher loads (up to the maximum load), the additives
used in that fuel start to have a positive impact on a re-
duction of NO, concentration in the exhaust gas of the
engine (compared to the TM/134/18 fuel). Unfortunate-
ly, in those conditions there is also an increase in the
smoke opacity of the exhaust gas.

— In order to perform more in-depth analyses of the im-
pact of the used fuel additives on the operating parame-
ters and the composition of the exhaust gas of the en-
gine and to determine the appropriate direction of fur-
ther quantitative and qualitative changes in the fuel ad-
ditive packages, one must conduct an evaluation of the
engine operating process. For this purpose, the second
article, titled "Influence of cetane-detergent additives in-
to diesel fuel with RME content increased to 10% on the
parameters of indicator diagrams and rate of heat release
in a diesel engine," presents an analysis of the heat re-
lease speed for the tested fuel.
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Nomenclature

Cl compression ignition

CO  concentration of carbon monoxide
D smoke of exhaust gases

Gpal hourly fuel consumption

HC  concentration of hydrocarbons
NO, concentration of nitrogen oxides
RME rapeseed methyl ester

PAH polycyclic aromatic hydrocarbons
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