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Abstract: The article presents the results of research on the influence of two fuel additives that
selectively affect the combustion process in a diesel engine cylinder. The addition of NitrON®
reduces the concentration of nitrogen oxides (NOx), due to a reduction in the kinetic combustion
rate, at the cost of a slight increase in the concentration of particulate matter (PM) in the engine
exhaust gas. The Reduxco® additive reduces PM emissions by increasing the diffusion combustion
rate, while slightly increasing the NOy concentration in the engine exhaust gas. Research conducted
by the authors confirmed that the simultaneous use of both of these additives in the fuel not only
reduced both NOy and PM emissions in the exhaust gas but additionally the reduction of NOx
and PM emissions was greater than the sum of the effects of these additives—the synergy effect.
Findings indicated that the waveforms of the heat release rate (dQ/d«) responsible for the emission
of NOx and PM in the exhaust gas differed for the four tested fuels in relation to the maximum value
(selectively and independently in the kinetic and diffusion stage), and they were also phase shifted.
Due to this, the heat release process Q(x) was characterized by a lower amount of heat released in
the kinetic phase compared to fuel with NitrON® only and a greater amount of heat released in
the diffusion phase compared to fuel with Reduxco® alone, which explained the lowest NOx and
PM emissions in the exhaust gas at that time. For example for the NOx concentration in the engine
exhaust: the Nitrocet® fuel additive (in the used amount of 1500 ppm) reduces the NOx concentration
in the exhaust gas by 18% compared to the base fuel. The addition of a Reduxco® catalyst to the fuel
(1500 ppm) unfortunately increases the NOx concentration by up to 20%. On the other hand, the
combustion of the complete tested fuel, containing both additives simultaneously, is characterized,
thanks to the synergy effect, by the lowest NOy concentration (reduction by 22% in relation to the
base). For example for PM emissions: the Nitrocet® fuel additive does not significantly affect the
PM emissions in the engine exhaust (up to a few per cent compared to the base fuel). The addition
of a Reduxco® catalyst to the fuel greatly reduces PM emissions in the engine exhaust, up to 35%
compared to the base fuel. On the other hand, the combustion of the complete tested fuel containing
both additives simultaneously is characterized by the synergy effect with the lowest PM emission
(reduction of 39% compared to the base fuel).

Keywords: diesel engine; biofuels; fuel additives; heat release; kinetic and diffusion combustion;
exhaust gas composition; synergy

1. Introduction

In the case of diesel engines, the emission of carbon monoxide (CO) and unburned
hydrocarbons (HCs) does not pose a serious threat due to the high conversion efficiency
of the commonly used oxidation reactors [1]. The situation is different for the emission
of nitrogen oxides (NOy) and particulate matter (PM). The mechanism of NOy and PM
formation in the engine cylinder shows that if one specific design (structure) [2], control or
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fueling method reduces NOy emissions, it simultaneously increases PM emissions in the
engine exhaust gas and vice versa. For this reason, different ways are used to reduce NOy
emissions in the exhaust gas and different techniques are used to reduce PM emissions [3].
The impact of design, control and post-process methods used in diesel engines to control
the composition of exhaust gases is the main challenge for designers and researchers of
internal combustion engines in all important research centers and laboratories in the world.
The result of these works is a relatively well-known area of the tendency in the development
of internal combustion engines described in numerous publications (including [4-11]). A
similar situation concerns the influence of dual-fuel supply of internal combustion engines
and the mixing of various unconventional fuels on the composition of exhaust gases
(eg. [12-25]). The analysis of the tests of these parameters is omitted in this publication
because it concerns only the influence of diesel engine biofuel additives, and in particular
the beneficial synergy of their simultaneous application on the simultaneous reduction
of NOy and PM emissions. The principle says that if we reduce NOy emissions with
one method, unfortunately we will increase PM emissions in the exhaust gas - this rule
also applies to fuel additives. Some types of fuel additives that reduce the auto-ignition
delay and the combustion rate in the kinetic phase (dQy/do) are used to reduce NOx
emissions in the exhaust gas. Other types of fuel additives that increase the combustion
rate in the diffusion phase (dQ4/d«x) are used to reduce PM emissions [3,26-29]. The main
advantage of modifying the course of the heat release rate with fuel additives is the fact that
they selectively affect individual dQ/d« phases, corresponding to the kinetic or diffusion
part of the combustion process, without significantly affecting the average combustion
rate. Furthermore, the change in the maximum rate of kinetic or diffusion combustion
is also associated with a different course of dQ/d« as a function of the combustion time
(engine crankshaft rotation angle). The authors of this publication hypothesized that the
simultaneous application of a fuel additive that reduces the kinetic combustion rate and
an additive that increases the diffusion combustion rate, with a simultaneous shift in the
phase of dQ/d« waveforms, may lead to a favorable synergy phenomenon. The synergy
phenomenon consists of combining the action of several components or processes in such
a way that the obtained effect is stronger than the theoretical sum of the actions of the
individual components. In the case of using a package containing both analyzed additives,
the synergy phenomenon should lead to a positive enhancement of the effect. This effect
would consist in reducing the kinetic combustion rate to an even greater extent than for the
additive itself that reduces dQy /d«. Though it should be noted that the additive increasing
of dQq/do yields a slight increase in dQy /da. This is due to the superimposition of the
heat release rate curves for the dQ, /da reducing additive and the dQq/d« increasing
additive being shifted as a function of the angle of rotation of the engine crankshaft.

An additional argument for the simultaneous use of both analyzed fuel additives,
which reduce both NOy and PM emissions, is the fact that the European Union intends to
introduce the obligatory use of 10% (instead of the current 7%) of bio-additive to diesel fuel
in the form of rapeseed oil methyl esters (RME) [30]. Multiple studies indicate increasing
the RME content in fuel is associated with several negative effects related to both the
combustion process and the use of these fuels. In practice, this is relevant to several
problems, including the stability of such fuel, the tendency to form deposits inside the
engine cylinders, and increased emission of NOy in the exhaust gas. For this reason,
in the presented research, an additive increasing of the cetane number of the fuel was
also used. This contributed to reducing the kinetic combustion rate as well as providing
stabilizing and detergent additives. Neither the stabilizing nor the washing additives affect
the fuel combustion process. The additive package prepared in this way is particularly
advantageous for diesel fuels with increased content of biocomponents. Therefore, in the
conducted tests, the base fuel (reference fuel) had a content of 10% RME—B10 (instead of
B7 fuel).

The research presented aimed to confirm the validity of the hypothesis regarding the
synergy of both additives in laboratory conditions using a diesel engine. This synergy
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ultimately led to the enhancement of NOy reduction to an even greater extent than for the
additive itself, reducing dQy /do while maintaining lower PM emissions in the exhaust
gas compared to the base fuel by increasing dQq/dox.

2. Research Methodology
2.1. Characteristics of the Fuels Used

For the reasons mentioned above, the base (reference) fuel was diesel oil containing

10% (v/v) of RME, the basic physical and chemical parameters of which are presented in
Table 1.

Table 1. Base fuel characteristics [31].

Attribute Unit B7 Fuel  B10 Fuel
Cetane number - 51.7 52.3
Cetane index - 52.5 55.0
Density at temperature 15 °C kg/m?3 825 830.4
PAH content Yo(m/m) 2.3 1.1
Sulfur content mg/kg 94 49
Manganese content mg/L - <0.5
Flash-point °C 62 60.5
Coking residue(with 10% distillation residue) Yo(m/m) 0.01 0.016
Water content mg/kg 80 60
Total impurity content mg/kg 12 20.5
Cooper strip corrosion (corrosion rate) (3 h, 50 °C)  degree of corrosion 1 1
Oxidativestability (g/ m3) g/ m3 4 8
Oxidativestability [110 °C] (Rancimat) h 55.4 23.1
Lubricity, wear scar diameter, [60 °C] um 436 165
Kinematic viscosity [40 °C] mm?/s 2.78 2.73
Fractional composition
%(v/v) recovered at 250 °C Y%o(v/v) 39.0 36.8
%(v/v) recovered at 350 °C Yo(v/v) 93.8 93
95% (v/v) recovered at °C 354.7 355.9
FAME content Yo(v/v) 7 9.9
Ash residue Y% (m/m) 0.001 <0.001

)

@)

The B10 fuel was upgraded with three groups of additives:

NitrON® is a detergent-dispersing package with a Nitrocet 50® additive, involved
in the formation of free radicals in the region of low-temperature and indirect diesel
oxidation B10 [32]. The main task of this component from the research point of view
was to increase the cetane number of the fuel (from LC = 52.3 for the B10 fuel to
LC = 58 after fuel upgrading). As a result, the use of this fuel additive package
allowed reduction of the combustion rate in the kinetic phase. Nitrocet 50° is, in the
chemical sense, 2-ethylhexyl nitrate (2-EHN) with the summary chemical formula:
CgH;70NO,. The concentration of the NitrON® package in the refined fuel (fuel
with an additive reducing the kinetic combustion rate—fuel marking: DFKA) was
1500 ppm, including 50 ppm of detergent-dispersing additives.

Reduxco® is a catalyst that is a reaction product of acetic acid, iron, n-butanol, n-
propanol, and isopropanol [30]. Traces of iron compounds that were involved in the
production technology of the Reduxco® catalyst are removed from the final product
in such a way that the chemical composition of Reduxco® complies with Worldwide
Fuel Charter, sixth edition, on gasoline and diesel fuel from 28 October 2019 [33].
Reduxco® catalyst in fuel, according to the manufacturer’s data, causes a decrease
in the activation energy of the HC fuel oxidation reaction as well as the formation
of additional OH groups, which together allow the combustion rate to increase and
facilitate the afterburning of the already formed PM in the engine cylinder. In the
current research, the concentration of the Reduxco® catalyst in the diesel fuel (fuel
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with an additive increasing the diffusion combustion rate—fuel designation: DFDA)
was 1500 ppm.

(3) The sum of the NitrON® package (1500 ppm) and the Reduxco® catalyst (1500 ppm),
a test fuel denoted as DFX.

In earlier research projects, the authors tested both the Nitrocet 50® additive (made
by the Oil and Gas Institute) and the Reduxco® liquid catalyst (by Dagas) as separate
additives [31,34,35]. These research development projects resulted in a quantitative and
qualitative change in both the Nitrocet 50® and Reduxco® additive packages. In the
project [31] carried out by the authors of this publication, Nitrocet 50® was included
in the Innocet® package. Through multi-stage research, a new version of the Innocet®
package was created with a different chemical composition, and it, therefore, has a different
impact on the combustion process. The new proprietary name of this package is NitrON®.
Similarly, the successive stages of previous research for Dagas [34,35], described in Cisek
et al. [30], led to a quantitative and qualitative change of the Reduxco® additive to the
form in which it was used in the research project [36]. The new version of Reduxco®, in
line with the latest Worldwide Fuel Charter edition, no longer contains any metal-based
additives. Therefore, it should be emphasized that firstly, the research results described
in Cisek et al. [30,32] refer to slightly different additives (in the chemical sense), and they
were not added simultaneously. Thus, this publication is not an extension of the previous
work [30,32]. Secondly, the main task of this publication is to demonstrate the existence
of a beneficial effect of the simultaneous use of both fuel additives. Through the synergy
phenomenon, simultaneous use leads to an even greater reduction in the kinetic combustion
rate (reduction of NOx concentration in the exhaust gas) and an even greater increase in
the amount of heat in the diffusion phase (reduction of PM in exhaust gas) than for these
additives used separately. For the above reasons, this publication presents an analysis of
research results that have not been previously published.

2.2. Measurement Stand

The engine tests of the tested fuels were carried out in the Combustion Engine labora-
tory of the Cracow University of Technology. For each of the fuels, a Volkswagen 1.9 TDI
4-cylinder diesel engine (AJM version, manufacturer: Volkswagen, Wolfsburg, Germany)
was used with the technical characteristics presented in Table 2. Each of the four fuels
used allowed for the determination of five groups of engine parameters against the load
characteristics of the engine (at a constant rotational speed of the maximum torque):

(1) Energy parameters of the engine (fuel consumption, total efficiency of diesel engine)—
AVL fuel balance, manufacturer: AVL, Graz, Austria

(2) Composition of exhaust gases (concentration of CO, HC, NOx, smoke, and PM)—AVL
bench emission system CEB II, AVL smoke meter, dilution tunnel (DT), manufacturer:
AVL, Graz, Austria

(3) Parameters of engine systems (e.g., start of fuel injection, temperature, and pressure of
air after turbocharger, temperature of exhaust gases, and percent of exhaust gas recir-
culation [EGR])—VCDS Diagnostic System, manufacturer: Ross-Tech LLC, Lansdale,
USA and external sensors

(4) Parameters of indicator diagrams (e.g., start of self-combustion, maximum rate of
combustion pressure, and maximum of combustion pressure)—AVL Indimeter 617D,
manufacturer: AVL, Graz, Austria

(5) Parameters of heat release diagrams (e.g., maximum of kinetic and diffusion heat
release and end of combustion)-AVL software, manufacturer: AVL, Graz, Austria.

The measuring stand shown in Figure 1 was used to carry out the research. The photos
in Figures 2-5 show selected basic modules of this test stand. The VW 1.9 TDI engine used
in the tests was connected with the Schenck engine dynometer (12) with a module (3). The
fuel consumption was measured by the AVL Fuel Balance mass computer fuel meter. The
air temperature and the exhaust gas temperature were measured by standard sensors and
thermocouples and read by the bench control system (2). Parameters of engine operation
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were read with the VCDS Diagnostic System (1). The concentration of exhaust fumes
components (CO, HC, NOy, O,, CO,) was measured by the AVLCEBII System (19). The
sample was taken with a probe compliant with ISO [37], heated by the exhaust gas sampling
path, and was directed to the sampling condition unit. In this module, an integral part
of CEBI], the exhaust gas floated to the heated CLD unit (NOy) and the heated FID unit
(HC). The exhaust gas floated to NDIR analyzers (O, CO,, and CO concentration) and
was cooled to 4 °C.

Table 2. Engine parameters.

Type of Engine VW 1.9 TDI
type of fuel ignition compression ignition
cylinder layout in-line

the number of cylinders 4

piston diameter 79.5 mm
piston stroke 95.5 mm
engine displacement 1896 cm?
geometric compression ratio 18

cylinders work order 1-3-4-2

rated gross power 85 kW

rated engine speed 4000 rpm
maximum engine speed 4450 rpm
maximum engine torque 285 Nm

rot. speed of maximum torque 2000 rpm
engine cool 6.1 dm3
engine oil system 4.4 dm?

oil pressure 0.11-0.41 MPa
fuel system unit injectors
max. pressure of fuel injection 20 MPa

Smoke opacity was analyzed by a filtration test with the AVL Smoke Meter System
(11). The PM emission measurement was carried out with the following standards [37],
using the DT (28). The dilution ratio (DR) varies from 4 to 10. Thanks to the set of filters
(mechanical and chemical) (21), the air was cleaned of dust and HC background so that it
would not affect the result of the determined PM emission. In the heat exchanger (22), the
air temperature was controlled so that the temperature of the exhaust fumes mixed with
the air did not exceed 52 °C, in accordance with [37]. The co-current probe (25) introduced
the exhaust sample into the air in the DT, and the orifice (24) ensured that the exhaust
fumes mixed thoroughly with the air. At a length of 10 diameters of the DT, the probe (29)
drew a strictly specified number of liters of diluted exhaust fumes per packet (30) through
two PALL measuring filters (fiberglass coated with Teflon). These filters were seasoned
before and after PM measurement. The filter mass was measured by a special MicroBalance
(27) (with an accuracy of 0.001 mg). The fast-changing pressure in the engine cylinder was
measured (by piezo-quartz pressure sensor (39)) as a function of the crankshaft angle (by
an AVL optical angle encoder (9)). These sensors were connected to the AVL Indimeter
617D (37), which was used to the analysis of indicator charts. This data was also used to
calculate the rate of heat release (dQ/d«) [38—40], which was the basis for the analysis of
the correlation between the kinetic-diffusion combustion phase and NOy-PM emissions.

Measurement accuracy for energy parameters and exhaust gas composition as well as
parameters of indicator diagrams (e.g., maximum combustion pressure, self-ignition start,
auto-ignition delay, etc.) and parameters of heat release rate diagrams, e.g., maximum
kinetic/diffusion combustion speed, end of combustion, etc.) results from both from the
accuracy class of the measuring instruments used (in direct and indirect measurements)
and from the natural fluctuations that affect the successive cycles of the piston internal
combustion engine operation. Due to the already long text of this publication, a table with
error values is not included here. Uncertainties analysis for experiments conducted in the
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research covered by this publication can be found in the research report [36]. Pictures of
selected modules of a stand used in the test are presented below.
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Figure 1. Schema of the laboratory measuring systems (description in the text).
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Figure 3. AVL Fuel Balance 4210 mass dynamic fuel gauge.
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Figure 4. Front panel of the AVL CEBII measurement system.

Figure 5. Exhaust DT for the determination of PM emissions.

3. Research Results and Analysis

As described in Section 2.1, the engine used in the tests was consecutively fed one
of the four fuels within the load characteristics of the engine (constant rotational speed
corresponding to the maximum torque of the engine and variable load during the tests).
The base (reference) fuel was B10 diesel oil (indicated as DF and marked blue both in the
text and in the graphs). The test fuels were as follows: B10 diesel oil with the NitrON®
additive, reducing the combustion rate in the kinetic phase (indicated as DFKA and marked
green); B10 diesel oil with the addition of Reduxco®, increasing the combustion rate in the
diffusion phase (indicated as DFDA and marked brown); and finally, the complex test fuel
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was B10 diesel oil with the addition of both NitrON® and Reduxco® (indicated as DFZ and

marked red).

3.1. Energy Parameters

The basic energy parameters of a given internal combustion engine are hourly fuel

consumption (G¢) and specific fuel consumption (g¢) as well as overall efficiency (1o).

The effect of engine load on hourly fuel consumption (Gy) for the base fuel (DF) and
complex test fuel (DFX) is shown in Figure 6a. Since the impact of engine load on the
change in the G value is many times greater than the impact of the fuels used in the

research, for this reason in the Figure 6b is shown the values of the percentage reduction

in hourly consumption of test fuels in relation to the hourly consumption of base fuel (in
such configuration, the differences in G¢ values resulting from the influence of tested fuel

additives are better visible).
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Figure 6. (a) Hourly fuel consumption (G¢) vs. engine torque; (b) Percentage difference in the values of hourly fuel
consumption (AGy) vs. engine torque in relation to the base fuel.

The data in this graph shows that, over the entire engine load range, the use of
Reduxco® fuel reduced fuel consumption (G¢) compared to conventional diesel fuel. For a
low engine load, this difference was relatively small—about 1%. However, for an engine
load greater than 175 Nm, the relative reduction in the G¢ value began to assume signifi-
cantly higher values. For the highest engine torque used in the tests (To = 250 Nm), the
use of the test fuel reduced the hourly fuel consumption by 4% compared to the base fuel.
The situation was different for fuel with Nitrocet® additive. At lower engine loads (up to
150 Nm in this case or approximately 50% of the maximum load), the addition of Nitrocet®
caused a slight increase in fuel consumption. Only after exceeding the engine load associ-
ated with closing the EGR valve, the beneficial effect of Nitrocet® on the reduction of fuel
consumption in relation to the base fuel was observed. At the maximum engine load, the
reduction in consumption of this fuel was almost 3% and was only slightly less than the
reduction in G¢ for the Reduxco® fuel. The complex test fuel was notably characterized by
much lower fuel consumption in relation to the base fuel in the entire engine load range
than both tested fuels with the additives used separately.

The conclusions resulting from the analysis of hourly fuel consumption (Gy) for the
tested fuels (at constant rotational speed and engine load) were clearly the same as the
conclusions concerning the overall efficiency (n,) of the engine.

In addition to the basic energy parameters, the parameters that allowed the control of
the engine’s operation were also measured. The data in Figure 7a shows that the exhaust
gas temperature of the engine powered by the complex test fuel was significantly lower
(over 100 °C for high engine torque) than the exhaust fumes temperature for the base fuel.
Such a large difference in exhaust fumes temperature in favor of the complex test fuel
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DFX did not result only from the differences in the then lower value of the hourly fuel
consumption (Figure 7a).

The reason may have been that the fuel combustion process ended earlier in the engine
cylinder [41]. This circumstance is advantageous because the earlier end of combustion
and the lower temperature of the exhaust fumes reduce the loss of energy entrained
with the exhaust gas. This increases the amount of energy that can be converted in the
engine cylinder for technical work [42]. Alternatively, the earlier ending of the combustion
process with the same start of injection of both fuels may have been due to the earlier start
of fuel self-ignition, which allows the entire combustion process to take place and end
earlier. Another reason for an earlier end of combustion may have been an increase in
the combustion rate, which has the effect of shorter combustion duration and, therefore,
an earlier end of combustion. Analysis of indicator diagrams and the heat release rate in
the engine cylinder in Section 3.4 will allow deciding which of these hypotheses is true.
However, it should be noted that, as in the case of fuel consumption (Figure 6a), the greatest
favorable differences in the exhaust gas temperature values (for the base fuel DF and the
test fuel DFX) occurred at high engine loads (Figure 7b). This confirmed the previously
presented conclusion that the positive effect of the catalyst in test fuels DFDA and DFZ
was enhanced with a higher engine torque, which was associated with a high temperature
in the engine cylinder at that time.
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60
T 80

-10 —
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Figure 7. (a) Exhaust gas temperature vs. engine torque; (b) Percentage difference in exhaust gas temperature vs. engine

torque in relation to the base fuel.

3.2. Exhaust Gas Composition

From the point of view of the rapidly changing processes in an internal combustion
engine, in terms of exhaust gas composition, the most important are the exhaust compo-
nents limited during official certification or approval of engine type. This group includes
CO, gaseous HCs, NOy, PM, and non-toxic CO5.

All gaseous exhaust components are measured in accordance with the applicable
standards (including approval standards) with special exhaust gas analyzers (described
in Section 2.2) in direct measurement as a volumetric concentration expressed in ppm.
Taking into account a number of parameters related to the operation of the combustion
engine (including mass and volumetric flow of exhaust gases), the hourly emission in
g/h is calculated and, taking into account the engine power, the specific emission in
g/kWh. Since the main objective of this publication is to determine the influence of the
tested fuel additives on the analyzed engine operating parameters (including exhaust gas
composition), the comparison of the concentration of exhaust gas components (for different
fuels) was carried out at a constant rotational speed (which results from the assumption of
the engine load characteristic) but at the same time only with the same engine loads. Under
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these conditions, the percentage differences between the concentration [ppm], the hourly
emission [g/h] and the specific [g/kWHh] of the exhaust gas components are identical
and equivalent. For this reason, this publication uses direct measurement (concentration)
and not hourly or specific emission, the calculation of which is burdened with additional
measurement errors (e.g., exhaust gas flow rate). In type-approval tests, calculating the
specific exhaust emissions in g/kWh is necessary due to the possibility of comparing
the results obtained for large and small engines with reference to the same limit. In the
case of the presented tests (exhaust gas composition), the same engine and fuel with the
same calorific value were used, therefore the comparative analysis of the concentration of
gaseous exhaust components is the same as the analysis of exhaust emissions.

The formation of CO; is directly related to the amount of fuel burned in the diesel
engine [42]. The data presented above (Figure 6) shows that the hourly consumption of
the complex test fuel (Gy) is 2 to 4.5% lower than the G¢ for the base fuel. Therefore, it can
be assumed (as confirmed in laboratory tests) that a similar, percentage reduction in CO,
concentration in the exhaust gas is also observed for the engine powered by the complex
test fuel compared to the base fuel. Since the main objective of this publication is to confirm
and analyze the synergy phenomenon with regard to the impact of the fuel additives used
on the simultaneous reduction of NOx concentration and PM emission in the exhaust gas,
and due to the length of this article, no graphs on the concentration and emission of CO,
for the tested fuels are included here.

In the chemical aspect, the formation of CO under the combustion conditions in the
cylinder of the petrol engine is related to global oxygen deficiency (homogeneous mixture).
However, in the cylinder of a diesel engine, the formation of CO is possible due to the local
oxygen deficiency, even with a global excess of oxygen, around the streams of the injected
fuel after its self-ignition and in the combustion process.

Gaseous HCs in the exhaust of a diesel engine are mainly the result of incomplete
combustion, and their formation, even with a sufficient amount of oxygen, is mainly related
to excessively low temperature in the fuel combustion zone [42]. Contemporary diesel
engines, including the engine used in the tests, are characterized by an extremely low
concentration of HCs in the exhaust gas even before the oxidation catalytic converter, and
their concentration is usually a few or a dozen or so ppm as a result of various structural
and regulatory settings. Moreover, the commonly used oxidation catalytic converter has
such a high conversion efficiency that the concentration of HCs in the exhaust gas leaving
the diesel engine is minimal. However, the concentrations of both CO and HCs in the
exhaust gases from the base fuel and the complex test fuel are important indicators of the
differences in the combustion process for these fuels.

The smoke opacity were measured using the Bosch filtering method. The excess
air factor (A) is an important parameter that strongly influences the composition of the
exhaust gases. This parameter includes the mass of air used to burn the fuel mass (in the
engine cylinder) in relation to the stoichiometric constant, which depends on the elemental
composition of the fuel. The elemental composition of both the base fuel and the complex
test fuel is the same. Thus, the values of the excess air coefficient determined in the fuel
tests are related to the unit dose of air and specified dose of fuel, the values of which result
directly from the hourly fuel consumption.

The data presented in Figure 8a shows that the values of A for both tested fuels were
similar in the entire engine load range. A slight increase in the value of A for the complex
test fuel, in the range of high engine loads, may be one of the reasons for the increase in the
overall efficiency of the engine.

The values of the excess air factor indirectly take into account the portion of air
directed to the engine cylinder in relation to the portion of fuel. However, in a qualitative
sense, such as a function of engine load, it may be a totally different course than the
oxygen concentration in the exhaust fumes (see Figure 9a). This is because the values of
A are definitively related to air (and oxygen), which are directed to the engine cylinder
and accessible for the fuel oxidation process. The concentration of O, in the exhaust
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gas indicates the amount of this gas that remains after the combustion process. As seen
in Figure 9b, the difference in oxygen concentration in the exhaust gases of the engine
powered by the complex test fuel and the base fuel decreased, with a simultaneous increase
in the value of A for the complex test fuel as compared to the base fuel. This demonstrated
more effective use of oxygen in the test fuel (DFZ) combustion process for higher engine
loads than in the base fuel.

2.5 = 8
DF 1 —— DFX
] ik —— DFDA =
4 — DFKA|—| 8 3
2 - | Egy
— 9 B
- —d' B &
1.5 — [ g
- £
| - -8 -
[ ! | ' I ! | ' | ! [ ! | [ ! [ ! | ' | ! | ! | ' |
0 50 100 150 200 250 300 0 50 100 150 200 250 300
To [Nm] To [Nm]
(a) (b)
Figure 8. (a) Excess air coefficient (A) vs. engine torque; (b) Percentage difference in the values of the excess air coefficient
(A) vs. engine torque in relation to the base fuel.
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Figure 9. (a) Oxygen concen

tration in the exhaust fumes vs. engine torque; (b) Percentage difference in the values of oxygen

concentration in the exhaust fumes vs. engine torque in relation to the base fuel.

The data presented in Figure 10a shows that in the range of high engine loads, the
concentration of CO in the exhaust gas was lower for the complex test fuel than for the DF
fuel. This is in line with the previously mentioned better use of oxygen in the combustion

process, as CO is a typical product of incomplete combustion. This further confirms that

the operation of the catalyst in the test fuel DFX. was more effective and efficient for high
engine loads.
To better illustrate the influence of the tested fuels on the concentration of CO, this

parameter was also presented as a relative difference in CO concentration in the exhaust

gas for the tested fuels in relation to the base fuel (Figure 10b).
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Figure 10. (a) CO concentration in the exhaust fumes vs. engine torque; (b) Percentage difference in the concentration of
CO in the exhaust fumes vs. engine torque in relation to the base fuel.

The presence of CO is the result of local oxygen deficiency, but the presence of HCs
in the engine exhaust indicates incomplete combustion. This may occur even with excess
oxygen, because it could be the result of an excessively low combustion temperature.
Despite the different mechanisms of formation of CO and gaseous HCs in the engine
exhaust (numerous studies, e.g., [1,42]), Figure 11a shows that, as in the case of CO, the
high engine load favored the reduction of HC concentration in the exhaust gas for the
complex test fuel compared with the base fuel. This may be the result of more HCs
from the fuel being burnt due to a higher combustion temperature, which reduced their
concentration in the exhaust gas. Thus, this parameter further confirmed the more effective
catalytic oxidation effect of the tested fuel additive for high engine loads, which are related
to the higher temperature in the engine cylinder [30,34].

For a fuller view of the influence of the tested fuels on the concentration of HCs in
the exhaust gases, this parameter is additionally presented as a relative difference of HC
concentration in Figure 11b.

12 — 80 —
T DF o || p— TR ot
10 — DFY. 5] 1 -
25 ]
£ %] £ ] :
A 7 % 0 — =
£ 6 S 4
. g g
- — 0 O
4 40 £
2 = 80 —
([~ r—r -7 T T17T T 1T T"7 (T 1T 71T "™ T7T T 1T T/
0 50 100 150 200 250 300 0 50 100 150 200 250 300
To [Nm] To [Nm]

Figure 11. (a) The concentration of HCs in the exhaust fumes vs. engine torque; (b) Percentage difference in the concentration

of HCs in the exhaust fumes vs. engine torque in relation to the base fuel.

The hypothesis that the combustion temperature of fuel with Reduxco® additive
would be higher than that of the base fuel for high engine loads was supported by the
fact that the concentration of NOy was also higher (Figure 12a). The increase in the
combustion temperature under the conditions of the internal combustion engine operation
was the main cause of the increase in the number of NOy formed. In the physicochemical
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sense, the number of NOy particles that are formed is influenced by the combustion
temperature (above 1000 K), the availability of oxygen, and the long-lasting of this process.
In a compression ignition engine, the availability of oxygen needed for NOy formation
is sufficient due to the nature of the combustion process in a diesel engine, which is the
combustion of lean fuel-air mixtures [30]. This is true even in the engine operating area with
active EGR and for high engine loads. Despite the rapidly changing processes in the engine
cylinder, the time for the nitrogen oxides formation was also sufficient. The maximum
combustion temperature was the main factor determining the number of NOy formed.
Additionally, the number of NOyx was affected by the duration of this temperature, the
location of the maximum combustion temperature in relation to TDC, and the volume of the
working gas covered by this temperature (in a diesel engine, the combustion process is not
homogeneous) [30,34]. More information on the causes of a slightly different concentration
of NOy in the exhaust gas of the engine powered by the complex test fuel at high engine
loads will be derived from the analysis of the heat release rate in the engine cylinder in
Section 3.4.

It should be noted that under conditions typical for the combustion process in diesel
engines, NOy is a component that undergoes a so-called “freeze”, which means that the
amount of NOyx formed in the engine cylinder is emitted to the exhaust system [1]. In
this situation, the causes that affect the amount of NOy formed in the engine cylinder are
the only causes within the engine exhaust system that affect the NOy concentration in the
exhaust gas.

The influence of the tested fuels on the concentration of NOy in the exhaust gas was
additionally presented as a relative percentage difference (Figure 12b).
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Figure 12. (a) Concentration of NOy in the exhaust fumes vs. engine torque; (b) Percentage difference in the concentration
of NOy in the exhaust fumes vs. engine torque in relation to the base fuel.

The increase in NOy concentration in the exhaust gas of the engine fueled with the
fuel with Reduxco® additive alone was the main barrier to the use of this additive in
diesel fuel. The tests conducted for the fuel with the Nitrocet® additive showed that the
exhaust gases were characterized by a significantly lower NOx concentration (Figure 12a,b).
The results clearly showed that the use of the complex test fuel containing both Nitrocet®
and Reduxco® reduced the NOy concentration in the exhaust gas even slightly more than
Nitrocet® alone (Figure 12b).

Tests of various diesel engines, tested around the world for many years, have con-
firmed that the use of one design or regulatory or fuel method reduces the NOy concentra-
tion in the exhaust gas and at the same time increases the emission of PM. This is shown
schematically in Figure 13.
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Figure 13. A schema of the NOx-PM emission trade-off.

Comparative testing of the catalyst contained in the Reduxco® fuel and the base fuel
also showed that a slight increase in NOy was matched by a simultaneous reduction in
PM emissions. Figure 14a shows absolute values of PM emissions for the complex test
fuel and the base fuel, and Figure 14b shows the relative difference of PM emissions in the
exhaust gas from the engine powered by the base fuel and tested fuels. The mass of PM
measured in the engine exhaust system was the result of the balance between the solid
particles produced at the end of the kinetic combustion phase and the solid particles that
had been burned off in the engine cylinder during diffusion combustion. Therefore, for a
more complete understanding of the causes of significantly lower emissions of PM in the
exhaust of the engine burning Reduxco® fuel and the complex test fuel, an analysis of the
heat release rate was performed and is presented in Section 3.4. It should be emphasized
that the use of Reduxco® additive resulted in a decrease of PM emissions in the entire
engine torque range, up to about 34% for high engine loads. In the case of the complex
test fuel, it was confirmed that both additives used at the same time were more effective
in reducing PM emissions in the exhaust gas, with up to a 38% reduction observed in
relation to the base fuel. The synergy effect was confirmed as the combined effect of both
additives (Nitrocet® and Reduxco®) led to an even greater reduction in PM emissions than
for Reduxco® alone. The description of this synergy does not yet explain the cause of the
phenomenon, which will be explained in Section 3.4.
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Figure 14. (a) Emission of PM in the exhaust fumes vs. engine torque; (b) Percentage difference in emission of PM in exhaust

fumes vs. engine torque in relation to the base fuel.

Since the only non-transparent component of diesel exhaust gas is soot, which is a
monolith of solid particles, usually an increase in the emission of solid particles in the
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engine exhaust gas is accompanied by an increase in their smokiness. The same is true
here. Both the fuel with the Reduxco® additive and the complex test fuel, which were
characterized by lower PM emission, also led to significantly lower exhaust smokiness
in the entire engine load range (Figure 15a). For a better illustration of the discussed
phenomenon, in Figure 15b. shows the relative difference in the exhaust opacity of the
engine powered by the tested fuels in relation to the base fuel.
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Figure 15. (a) The smokiness of exhaust fumes vs. engine torque; (b) Percentage difference in exhaust fumes smokiness vs.
engine torque in relation to the base fuel.

3.3. Indicator Charts

The main goal of laboratory tests was not only to determine whether the applied
changes would affect the course of the examined process but above all why it was so. If
the causes are understood, it is likely possible to influence the object in such a way that
the effects are more favorable. Historically, the oldest method of cause-and-effect causal
analysis of fast-changing processes inside the cylinder of an internal combustion engine is
based on its indications. The measurement of the pressure of the working medium in the
engine cylinder as a function of the angle of rotation of the crankshaft has been commonly
used to analyze the processes taking place in it.

The measured indicator diagrams for the tested fuels included a constant rotational
speed, characteristic for the maximum torque of the engine used (n = 2000 rpm), and
various loads, averaged for several dozen consecutive engine work cycles. These were
used in conjunction with other parameters measured by a computer diagnostic system
VCDS including;:

start of fuel injection—uo;,

start of fuel self-ignition—uxsc,

fuel self-ignition delay—m1,

maximum rate of combustion pressure—(dp/d®)max,

maximum combustion pressure—pc max,

and angle of occurrence of the maximum combustion pressure—o max-

Moreover, the pressure values in the engine cylinder as a function of the crankshaft
rotation angle were used to calculate the heat release rate in the engine cylinder, which is
presented in the following section.

As the fuel additives used did not affect viscosity, the start of fuel injection was the
same for the constant engine loads, regardless of the fuel used. Changes in the optimal
start of fuel injection as the engine load increased were monitored by the engine controller
in the same way for all fuels.

The onset of fuel self-ignition (xs.) was determined based on an open indicator
diagram using the Indimeter 617D system software, as the engine crankshaft rotation angle



Energies 2021, 14, 2784

17 of 31

ogc [deg a.TDC]
(=]
|

4 —

(in relation to the piston TDC) for which a rapid pressure increase occurs in the engine
cylinder. The start of self-ignition of the DF fuel and the complex test fuel, as a function
of the engine load, are presented graphically in Figure 16a,b. The data in these figures
clearly shows that in the entire engine torque range, the onset of self-ignition of the fuel
with Nitrocet® additive (DFKA) was earlier than for the base fuel, and the onset was later
for fuel with Reduxco® additive (DFDA). For the complex test fuel (DFX), the onset of fuel
self-ignition was slightly later than for DFKA fuel but much earlier than for DFDA fuel.
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Figure 16. (a) Onset of fuel self-ignition vs. engine torque; (b) Difference in the onset of fuel self-ignition vs. engine torque

in relation to the base fuel.

The consequence of the earlier onset of self-ignition for the fuel with the Nitrocet®
additive and the complex test fuel was the then shorter self-ignition delay (), presented
in Figure 17a,b.
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Figure 17. (a) Fuel self-ignition delay vs. engine torque; (b) Difference in fuel self-ignition delay vs. engine torque in relation

to the base fuel.

In the shorter time between the start of injection and the start of fuel self-ignition,
a smaller part of the injected fuel dose is accumulated in the combustion chamber. Self-
ignition of a lower mass of fuel (with shorter 7.) leads to less dynamic self-ignition and fuel
combustion and therefore to a lower maximum combustion temperature, which in turn
results in a lower concentration of NOy in the exhaust gases. Such a situation occurred
both for the fuel with the Nitrocet® additive and for the complex fuel with both additives.
This is important because the use of fuel with only Reduxco® added led to an extended
self-ignition delay, which was the main reason for the formation of more NOy in the exhaust
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gases compared to the base fuel. At the same time, as explained above, the reduction of the
auto-ignition delay for the Nitrocet® fuel and the complex fuel led to a reduction in the
maximum rate of combustion pressure (dp/dx)max (see Figure 18a,b).
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Figure 18. (a) Maximum pressure increase rate in the cylinder vs. engine torque; (b) Percentage difference of the maximum

pressure increase rate in the cylinder vs. engine torque in relation to the base fuel.

It is necessary to clarify the issue of differences in the values of the maximum rate of
pressure increase for older (up to Euro 2) and newer generation engines (above Euro 3).
These differences are related to the strong restriction of NOx and PM emissions in modern
internal combustion engines. Euro 0 class engines were not equipped with, inter alia,
the division of the fuel dose into parts, EGR system, or delayed start of fuel injection (in
relation to the optimal 1;), which meant that the maximum value of the rate of pressure
increase in the engine cylinder (dp/do)max always applied to the combustion process.

In modern diesel engines, especially at low speed and engine load, the onset of split
fuel injection is so late that the onset of self-ignition occurs after the piston TDC. As it
concerns a pilot dose of fuel in this case, the maximum pressure increase rate in the cylinder
is higher for the compression (around the TDC of the piston) than for combustion of a pilot
dose. In such a situation, (dp/da)max has a greater value for the compression process than
for the fuel combustion process, which is shown schematically in Figure 19 (line 1).
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Figure 19. Pressure course in the cylinder of the 1.9 TDI VW engine [30].

The diagram shows that at low engine load and late start of injection and self-ignition
of the pilot dose of fuel, the maximum value of dp/d« occurred for the compression
period and not for the combustion time. For this reason, the unknowing use of software for
analyzing indicator diagrams can lead to erroneous conclusions, because such software will
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show only the actual maximum value of the pressure increase rate in the cylinder for the
compression period [30]. Meanwhile, (dp/do)max in the combustion process stage (which
was lower than (dp/do)max for the compression process) was responsible for the exhaust
gas composition, in particular for the concentration and emission of NOx. Therefore, in
these studies, only (dp/da)max for the combustion process was analyzed.

Typically, shortening the self-ignition delay (t.) is associated with a reduction in the
value of the pressure increase rate after fuel self-ignition and leads to a lower maximum
combustion pressure (pc,max; see Figure 20a) [43]. The use of the fuel with the Nitrocet®
additive and the complex test fuel led to a slight reduction in the value of p¢max, as shown
in Figure 20b. This data also shows that fuel with only Reduxco® additive resulted in a
slight increase in p,max, Which resulted from a longer self-ignition delay and was one of
the reasons for the higher NOx concentration in the engine exhaust gases in this situation.
The use of both additives (Nitrocet® and Reduxco®) eliminated this problem, leading the
complex test fuel to an earlier start of self-ignition, reduction of self-ignition delay, lower
(dp/d*)max, and lower maximum combustion pressure, which resulted in the reduction of
NOxy concentration in the exhaust gas.
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Figure 20. (a) Maximum pressure in cylinder vs. engine torque; (b) Percentage difference of maximum pressure in cylinder
vs. engine torque in relation to the base fuel.

It should be taken into account that changes in the self-ignition delay time (1) are
the only cause of changes in the value of the pressure increase rate (dp/da)max when the
same fuel is used in the tests; the independent variable is the engine design and control
parameters). However, even in such a situation, if the applied structural and regulatory
changes are associated with a change in pressure and/or fuel injection speed, then the
self-ignition delay in the combustion chamber will accumulate a different mass of fuel,
which at the time of self-ignition will cause different values of the maximum pressure
rate and maximum combustion pressure. Thus, in general, it cannot be said that the
self-ignition delay time is the only cause of changes in the values (dp/do)max and pe,max-
In studies where fuels with various chemical additives are used, the situation is even
more complicated. The value of (dp/do)max and pemax is influenced not only by the
self-ignition delay time, through the mass of fuel in the combustion chamber at the moment
of self-ignition, but also by the combustion rate (oxidation) of the tested fuels in the first,
kinetic combustion phase. In such a situation where the independent variable is the fuels
with additives influencing the course of the combustion rate, the leading factor affecting
(dp/da)max may not be the self-ignition delay (t.) but the oxidation rate of such fuels in
the first phase of combustion. Such a situation occurs when the values of T and (dp/d &)max
are compared for the complex test fuel (DFZ) and the fuel with the additive Nitrocet®
(DFKA), reducing the kinetic combustion rate. Figures 17 and 18 show that although the
self-ignition delay (t.) for the complex test fuel (DFX) was slightly greater than the value of
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. for the fuel with the Nitrocet® additive (DFKA), the values of the combustion pressure
rate for DFX fuel were lower than for DFKA fuel. The same is true for the maximum
combustion pressure and the NO, concentration in the exhaust gas. The values of pc,max
and NOy concentration in the exhaust gases were lower for combustion of the complex
test fuel (DFX) than of the DFKA fuel. The synergy effect was observed as the impact of
applying both additives to the DFZ fuel in terms of reducing the values of (dp/da)max and
pcmax. Reducing the concentration of NOy in the exhaust gas was stronger than the effect
of each of these additives in the DFKA fuel and especially the DFDA fuel.

From the point of view of both the energy parameters of the engine and particularly
the exhaust gas composition, the maximum value of the combustion pressure is important
as well as its presence in relation to the TDC of the piston. Since the onset of self-ignition of
fuel with only Reduxco® was slightly later than for the base fuel (Figure 16), the maximum
combustion pressure of this fuel also took place a little later. In the case of the complex test
fuel, the occurrence of the maximum combustion pressure was earlier (Figure 21a). This is
important from the point of view of the thermal efficiency of the cycle (reduction of the
exhaust loss) and partially explains the even lower fuel consumption of an engine powered
by the complex fuel than by the fuel with only Reduxco® (Figure 21b).
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Figure 21. (a) Occurrence of the maximum pressure in the cylinder vs. engine torque, 1 = combustion range of very small
fuel doses, 2 = combustion range of larger fuel doses); (b) Difference in the occurrence of the maximum pressure in the
cylinder vs. engine torque in relation to the base fuel.

The different course of pressure in the cylinder as a function of the angle of rotation
of the engine crankshaft for the analyzed fuels and different loads, initially characterized
by the parameters of the indicator diagrams (ctpc, Te, (dp/do)max, Pemaxs Xp,max), does
not provide a full explanation of the reasons for the differences in the values of energy
parameters and the exhaust gas composition. Therefore, the next section presents the
analysis of the heat release in the cylinder of the engine powered by the tested fuels.

3.4. Heat Release Rate

The rate of heat release began being calculated and analyzed historically much later
than the indicator diagrams, at a time when the most important criteria for optimizing
internal combustion engines became not only the general efficiency but also the exhaust
gas composition. The heat release rate is calculated on the basis of an open indicator
diagram. Various calculation models [38,39] that are frequently used, including by AVL,
are described in [40].

The bimodal course of the heat release rate is divided, in the physical sense, into two
stages: kinetic and diffusion heat release rate, as seen in Figure 22.
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Figure 22. Heat release rate in the cylinder of the diesel engine. O—fuel vaporization phase,
O kinetic combustion phase, ®__diffusion combustion phase.

The kinetic heat release occurs immediately after the fuel self-ignition. In older
generation diesel engines, it was essentially uncontrolled. In new-generation diesel engines,
the maximum kinetic combustion rate (dQy/d&)max can be controlled in two modes: by
shaping the fuel injection characteristics in such a way that the smallest possible dose
of fuel is injected during the self-ignition delay period (usually dividing the fuel dose
into parts) [44] and by shortening the self-ignition delay (t¢) [2,45]. For at least 30 years,
designers of internal combustion engines have focused on constructional, regulatory, and
fuel methods to shape the course of the heat release rate, increase the overall efficiency of
the engine and reduce the emission of NOy and PM. To achieve the above mentioned aims,
it would be necessary to enact some combination of the following [3]:

e  reduce the maximum kinetic combustion rate (dQy /d&)max to reduce the emission of
NOy [19,46],
shorten the kinetic combustion phase (o k) to reduce the emission of NOy,
increase the maximum diffusion combustion rate (dQg/d&)max to reduce the emission
of PM [26],

e increase the duration of the diffusion combustion phase (« 4) to reduce the emission
of PM [26],

e  hasten the end of combustion process (xec) to increase the combustion efficiency value,
and/or

e reduce the combustion duration (x.) to increase the combustion efficiency value.

Most often, the simultaneous fulfillment of the above-mentioned requirements con-
cerning the course of the heat release rate using only one method is impossible, even
contradictory [19,45]. Therefore, by some constructional or control or fuel methods, dQ/dx
is shaped to reduce NOy emissions in the exhaust gas, while other methods are used
to shape dQ/d« to reduce PM emissions and to shape dQ/d« to obtain an increase in
the thermal efficiency of the engine. This illustrates the difficulty of altering the dQ/d«
course by one single design or control or fuel method and simultaneously optimizing
the combustion process in terms of thermal efficiency of the engine and both PM, NOx
emissions [28].

In this research, the two fuel additives available showed a selective and completely
different effect on the course of the heat release rate. The effects were as follows:

1. Nitrocet®—strong reduction of the maximum combustion rate in the kinetic phase,
slight reduction of the maximum diffusion combustion rate as well as slightly earlier
completion of the combustion process (resulting from earlier self-ignition and not
from shortened combustion duration),

2. Reduxco®—strong increase in the maximum combustion rate in the diffusion phase,
slight increase in the maximum kinetic combustion rate, and significant reduction in
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the duration of combustion (resulting from a long-term increase in the combustion
rate in the diffusion phase),

3. Nitrocet® + Reduxco®—synergy of the impact of both additives to the fuel with an
even more intense reduction of the maximum combustion rate in the kinetic phase,
increase of the maximum diffusion combustion rate, and reduction of the duration
and earlier termination of the combustion process.

Since the heat release rate is a function, for example, of the crankshaft rotation angle,
engine load, and type of fuel used [29], it is much easier to analyze the commonly defined
parameters of these waveforms than in the case of multi-variable functions, such as the
open indicator charts. For the purposes of this article, the following parameters were
analyzed, determined on the basis of the dQ/d« waveform:

maximum kinetic heat release rate—(dQy /d o) max,
maximum diffusion heat release rate—(dQgq/d &) max,
duration of kinetic combustion—(ox. i),

duration of diffusion combustion—(o 4),

duration of combustion—(cx.),

the beginning of combustion—(x¢), and

end of combustion—(xec).

The abbreviated information presented above shows that the influence of the tested
fuels on the maximum value of the heat release rate in the kinetic combustion phase
(dQx/da)max and in the diffusion combustion phase (dQg4/dx)max Was the essence of
the presented study from the point of view of energy parameters and in particular the
composition of the engine exhaust gases. The effect of the fuels used on the maximum
kinetic combustion rate (dQy /d®)max is shown in Figure 23a.
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Figure 23. (a) Maximum kinetic combustion rate vs. engine torque; (b) Difference of the maximum kinetic combustion rate

vs. engine torque in relation to the base fuel.

This data shows that the quantitative course of changes (dQy /do)max for the analyzed
fuels for all engine loads corresponded the course of changes in the self-ignition delay (tc)
and the maximum pressure increase rate in the engine cylinder (dp/d®)max, the maximum
combustion pressure (pPcmax), and, as a result, the concentration of NOy in the exhaust gas.

Once again, it should be emphasized that several parameters, measured by different
methods at various stages of the processes of filling, combustion, and exhaust gas outlet,
correlated perfectly with the phenomena related to the use of the tested fuels. Furthermore,
parameters such as hourly fuel consumption (G¢), exhaust gas temperature (Teyp,), and
boost pressure (pq) were the result of measurements related to the course of a multiple
engine work cycles and were averaged for all engine cylinders. By contrast, indicator
charts and charts of heat release rate related to a specific, single-engine cycle for one engine
cylinder. As the consecutive working cycles of the piston internal combustion engine have
natural fluctuations, it is not correct to analyze a randomly selected engine operation cycle
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when analyzing the fast-changing phenomena occurring in the engine cylinder. Therefore,
in this research, for measurements and analysis of open indicator diagrams and the heat
release rate calculated on the basis of these diagrams, a representative indicator diagram
and the course of heat release rate were determined for each engine operating point by
averaging one hundred consecutive engine operation cycles. In this way, the parameters
measured after multiple engine operation cycles (e.g., G¢, Texh, Pq) could be correlated with
the parameters of representative indicator diagrams and heat release rate diagrams. This
provided further confirmation that the analyzed differences in the values of the parameters
for the base fuel and test fuels were not accidental but resulted from the influence of
additives used in the tested fuels.

Since the Reduxco® catalytic additive to the fuel (DFDA) caused a slight delay in the
start of fuel self-ignition (as seen in the analysis of indicator diagrams in Section 3.3), the
initial stage of the combustion process, including the phase of kinetic combustion, moved
to a little later. However, since the entire stage of kinetic combustion just after the fuel
self-ignition is very short, at only a few degrees of crankshaft angle rotation, it does'nt have
a significant impact on the engine operating parameters in comparsion to the DF fuel.

As seen in Figure 23b, the addition of Nitrocet® to the fuel (DFKA) resulted in a
significant reduction in (dQy /d®)max, which corresponded to a lower NOx concentration
in the engine exhaust. Adding Nitrocet® and Reduxco® to the fuel (DFX) at the same time
reduced the NOx concentration in the exhaust gas to values even lower than for Nitrocet®
by itself (Figure 23b).

Just as the concentration of NOy in the exhaust gas depends on the maximum rate
and duration of fuel combustion in the kinetic phase, the PM emission in the exhaust gas
is related to the (dQg/do)max and o in the diffusion phase. Since the greater amount of
heat released in the diffusive combustion phase has the potential to burn off more of the
PM previously formed in the engine cylinder, it ultimately reduces PM emissions in the
engine exhaust. From this point of view, even the analysis of the maximum value of the
rate and duration of combustion in the diffusion phase may not be sufficient to understand
the processes related to the quantity of emitted solids. Thus, only the amount of heat Qg4
released in the diffusion phase, resulting from the speed course dQq/d«, gives the basis for
a full and clear interpretation of the phenomena related to the balance of the resulting and
partially burnt solid particles in the engine cylinder and the quantity of emitted particles in
the engine exhaust. In this publication, the characteristic parameters of the course dQ/d«,
previously defined in Figure 22, were used to perform a preliminary analysis of the heat
release rate for the fuels used.

The values of the maximum diffusion combustion rate (dQg/d®)max for the tested
fuels are shown in Figure 24a, while the relative reduction of the maximum diffusion
combustion rate A(dQg/do)max is shown in Figure 24b.
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Figure 24. (a) Maximum rate of diffusion combustion vs. engine torque; (b) Difference of the maximum diffusion combustion
rate vs. engine torque in relation to the base fuel.
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The use of the Reduxco® catalytic additive (DFDA fuel) caused a significant increase
in the value (dQg/d&)max in relation to the base fuel, especially for high engine loads.
Moreover, the increase in the maximum rate of diffusion combustion as a result of the
application of Reduxco® was much greater than the unfavorable increase in the combustion
rate in the kinetic phase from the point of view of NOy emissions, probably due to the
lower PM emission then. As a result, the DFDA fuel tests measured a significantly lower
increase in the concentration of nitrogen oxides in the exhaust gas than the reduction of
PM emissions and the reduction of exhaust smokiness.

The addition of Nitrocet® (DFKA fuel) reduced the value (dQg/d&)max in relation to
the values obtained for the base fuel (DF), especially for low engine loads, which resulted
in slightly higher emission of PM in the exhaust gas for this fuel (Figure 14).

While the DFX. fuel with both additives had the lowest PM emission for all tested fuels,
contrary to expectations, it did not increase the maximum rate of diffusion combustion
(Figure 24b) to the highest value for all tested fuels. No longer duration of combustion in
the diffusion phase was found for the complex test fuel (DFX), which would explain the
lower PM emission than for the other tested fuels (Figure 25).
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Figure 25. (a) Duration of diffusion combustion vs. engine torque; (b) Difference in diffusion combustion duration vs.
engine torque in relation to the base fuel.

Therefore, if for the complex test fuel (DFZ) neither a higher value (dQq/d&)max nor
greater combustion duration in this phase was found, then the reason for the lowest PM
emission must be related to a different course of the heat release rate during the diffusive
phase of combustion. In this situation, it would be expected that the combustion of DFX in
the diffusion phase would then result in the release of a greater amount of heat Q4, despite
a lower maximum rate and a slightly shorter time, because a greater amount of the heat
then gives the possibility of burning more of the previously formed solid particles, which
lowers PM emission in the exhaust gas). This is confirmed by the data in Figure 26.

The data obtained in the tests and presented in Figure 26 shows that the combustion
of the complex test fuel (DFX) led to the greatest amount of heat released in the diffusion
combustion phase, which in turn led to the combustion of the largest amount of PM formed
slightly earlier in the engine cylinder and ultimately to the lowest for this fuel PM emission
in the engine exhaust in relation to all tested fuels.

It should be remembered that the effects of the combustion process are also influenced
by the end (xec) and duration (o) of the combustion process, which for the tested fuels is
shown in the next two charts. As seen in Figure 27b, the use of the Nitrocet® additive alone,
especially for low engine load, caused an unfavorable delay of the ending of combustion.
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Figure 26. (a) Heat of diffusion combustion vs. engine torque; (b) Difference in diffusion combustion heat vs. engine torque
in relation to the base fuel.
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Figure 27. (a) Occurrence of the end of combustion vs. engine torque; (b) Difference in the occurrence of the end of

combustion vs. engine torque in relation to the base fuel.

Adding only Reduxco® to the fuel did lead to a favorable earlier end of the combustion
process (compared to the base fuel), but this phenomenon occurred to a significant extent
only at high engine loads. In the case of using Nitrocet® and Reduxco® simultaneously, the
favorable earlier end of combustion was present in the entire engine load range (Figure 27a).
As a result, the combustion process of the test fuel was closer to the piston TDC in the
expansion process, where the efficiency of converting the generated heat into technical
work is bigger than that of the DF fuel. Moreover, the earlier end of the test fuel combustion
reduces the thermal losses related to the amount of heat carried with the exhaust gas.

The end of combustion in the engine cylinder is associated with both the beginning of
combustion and the duration of combustion, and the values of these for the tested fuels are
presented in Figure 28b.

For the fuel with the Nitrocet® additive, the beginning of combustion occurred earlier
than for the base fuel, but the end of combustion occurred earlier only at high engine loads
due to the increased combustion duration at low engine loads. Unlike Nitrocet® alone,
both the Reduxco® additive and the Reduxco® additive used with Nitrocet® reduced the
duration of the combustion process. Due to the phenomena of combustion duration (o)
and end of combustion (xec), a slightly higher overall efficiency value (1,) was measured
in the laboratory for the complex test fuel than for the base fuel.
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Figure 28. (a) Duration of combustion vs. engine torque; (b) Difference in combustion duration vs. engine torque in relation

to the base fuel.
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Based on the analysis of the rate of heat release (dQ/d«) in the engine cylinder during
combustion of the tested fuels at various engine loads, a diagram was developed to show
the measured and calculated dQ/d« waveforms. It presents representative waveforms
that show the most significant differences that explain the variation in the composition of
exhaust gases (NOy and PM emissions) and fuel consumption (thermal efficiency) for the
tested fuels. Since the diagram below (Figure 29), which displays dQ/d« as a function of
the angle of rotation of the engine crankshaft for the tested fuels, is true in a qualitative
sense for all engine loads, the vertical axis does not contain specific values of this parameter.
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Figure 29. Rate of heat release in the cylinder of a diesel engine for all tested fuels.

The presented diagram clearly shows that the initial assumptions regarding the benefi-
cial effects of the simultaneous application of the Nitrocet® and Reduxco® additives on the
optimal shaping of the course of the heat release rate in the engine cylinder were confirmed.
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This means that the four basic criteria for optimizing the course of the combustion process
for the complex test fuel (DFZ) in relation to the base fuel (DF) were met simultaneously.
The criteria were as follows:

e reduction of the maximum rate of kinetic combustion (to reduce the NOy concentration
in the exhaust gas),

e increase in the maximum rate of diffusion combustion (to reduce PM emissions and
exhaust smoke),

e earlier ending of combustion (to bring the combustion process closer to the TDC of
the piston; an increase in the value of 11, and a reduction in fuel consumption),

e shortening the duration of combustion (to reduce the outlet loss; increase the value of
1o and reduce fuel consumption).

It is also important to note that burning fuel with both additives simultaneously (DFX)
led to the following;:

1. Alower quantity of NOy particles was formed, even than for the combustion of the
fuel with Nitrocet® additive (DFKA fuel), which resulted from the lowest maximum
kinetic combustion speed (dQy /d ) among all tested fuels. It was related to the phase
shift of the dQ/d« waveforms for DFKA and DFDA fuels. In physical terms, this was
due to the much earlier onset of self-ignition in DFKA fuel than in DFDA fuel. As a
result, the maximum amount of heat of combustion in the kinetic phase of DFKA fuel
was reduced by the heat consumed at that time for evaporation of DFDA fuel, which
had not yet self-ignited. The result was a reduction in (dQy /d&)max for DFKA fuel to
a value even lower than for DFDA fuel, as shown in Figure 29.

2. Thermal efficiency reached a higher value even than that of the combustion of DFKA
and DFDA fuel, which resulted both from the earlier end of combustion (reduction of
the outlet loss) and from the proximity of the combustion process to the piston TDC.
This was because the combustion of DFKA fuel ended earlier, as it started earlier than
that of the base fuel. The combustion of DFDA fuel also ended earlier, because the
combustion rate of this fuel is higher; and, consequently, the dQ/do course for DFZ
fuel, which is the resultant of the dQ/d« function for DFDA and DFKA fuels, was
characterized by the earliest end of combustion.

3. PM emission was lower, which was not due to having the highest value of (dQg4/d &)max
and the longest diffusion combustion duration (. q) in relation to the tested fuels;
instead, it was related to generating the greatest amount of heat in the diffusion phase
as this fuel (DFX) burned. Figure 29 shows that due to the overlapping of the dQ/do
values for DFKA and DFDA, an additional local extreme appeared in the case of the
complex test fuel (DFZ—red line in the diagram). This indicated the formation of
additional heat and an increase in the amount of heat released in the diffusion phase
(Qgq), which caused the combustion of part of the previously formed PM and, as a
result, reduction of PM emissions in the exhaust gas.

In the simplest situation, the simultaneous application of a fuel additive that reduces
the value of parameter X and a second additive that increases the value of parameter
X should lead to a value of parameter X that results from the sum of the action of the
individual additives. However, the research presented showed that the simultaneous
application of the Nitrocet® additive, which reduced the NOy concentration in the exhaust
gases by 8 to 18%, and the Reduxco® additive, which increased the NOy concentration
by 12 to 20%, led the complex test fuel (DFX) to reduce the NOy concentration in the
exhaust gases to an even greater extent (up to 20%) than for the Nitrocet® additive alone.
It was possibly due to the synergy that took place at that time, which was related to the
phase shift of the heat release rate (dQ/do) for the combustion of fuels with the tested
additives. Thus, the simultaneous use of the Nitrocet® and Reduxco® additives in the DFZ.
fuel caused a synergy of the effects of both additives confirmed in laboratory tests showing
the simultaneous and even more intense reduction of both NOy concentration and PM
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emission in the exhaust gases and an increase in the combustion efficiency value greater
than for each additive separately.

Cause-and-effect analysis of the parameters of the engine operating process powered
by the base fuel (DF), the test fuel with Nitrocet® additive (DFKA), the test fuel with
Reduxco® additive (DFDA), and the complex test fuel with both Nitrocet® and Reduxco®
(DFX) pointed to the conclusion that the synergy phenomenon has a beneficial effect on
the following parameters:

—NOx concentration
—PM emission basic parameters (operational)
—thermal efficiency

—maximum combustion pressure

—maximum rate of kinetic combustion

—the amount of heat released in the diffusion phase
—end of the combustion

primary parameters (causal)

4. Summary and Final Conclusions

The conducted research indicated the following important conclusions regarding the
impact of the biofuel additives used on the parameters of the combustion process in a
compression ignition engine:

1.  Nitrocet®, used as a standalone fuel additive, caused earlier fuel self-ignition and,
consequently, shortened the self-ignition delay, strongly reduced the kinetic combus-
tion speed (leading to a several percent reduction of NOyx concentration in the exhaust
gases), and slightly reduced the diffusive combustion speed (leading to an increase in
PM emissions and exhaust smoke of about 1%).

2. Reduxco®, used as a standalone fuel additive, caused a slightly later self-ignition of
the fuel and, consequently, extended the self-ignition delay and slightly increased
the kinetic combustion speed, which increased the NOy concentration in the exhaust
gas up to several percent. However, the main task of Reduxco® in this case was to
strongly increase the diffusion rate of combustion, which resulted in the reduction of
PM emissions and exhaust smoke from a few to over 30%.

3. The simultaneous addition of Nitrocet® and Reduxco® in the complex fuel mainly caused:
o earlier fuel self-ignition and, consequently, shortening the self-ignition delay to

an even greater extent than when Nitrocet® was the only additive,

e astrong reduction of the kinetic combustion rate, which led to a reduction in
NOx concentration in the engine exhaust that was slightly more than that caused
by the addition of Nitrocet® alone (from several to 20%),

e  asignificant increase in the amount of heat released in the diffusion phase of
combustion, which resulted in a significant reduction in PM emissions and
exhaust smoke (from 12 to almost 40%),

e  bringing the combustion process closer to the piston TDC, which resulted in
lower fuel consumption (from 2 to 5%),

4. Inthe case of the complex test fuel, containing both Nitrocet® and Reduxco® additives,
the effects of the favorable synergy phenomenon were observed in fuel consumption
(thermal efficiency — 1) and the NOy concentration and PM emission in the engine
exhaust. The combined action of both these additives with the fuel had a more
favorable effect than the use of each of these additives separately.

5. The reason for the synergistic effect of the two tested fuel additives on the values of
Nt, NOx and PM was the shift in the heat release rate (dQ/dx) for the fuel with the
Nitrocet® additive compared to dQ/d« for the fuel with the addition of Reduxco®.
This was mainly due to the much earlier self-ignition of the Nitrocet® fuel compared
to the later self-ignition of the Reduxco® fuel. The moment the Nitrocet® fuel started
to burn, the Reduxco® fuel was just evaporating. The latent heat reduced the amount
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of heat released in the kinetic phase of combustion (dQy /do) of the Nitrocet® fuel,
which additionally reduced dQy /d« of the fuel with both additives and led to a lower
number of NOy formed and reduced NOy emissions in the engine exhaust.

6.  For the fuel with both additives (DFZ), the heat development course Q(x) was charac-
terized by a lower amount of heat released in the kinetic phase (even than for fuel
with Nitrocet® only) and the lowest concentration of NOy in the exhaust gas. It was
also characterized by a higher amount of heat released in the diffusion phase (even
than for the fuel with Reduxco® alone), which explained the lowest PM emission
in the exhaust gas at that time. The synergy also concerned the earlier end of fuel
combustion with both tested additives, which allowed for the lowest emission of NOy
and PM in the exhaust gas and the highest thermal efficiency in relation to all fuels
used in the research.
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Nomenclature

dQy
dQgq

dop?

doit

dQy*
dQr

dQi?

dQf?

dQy*

dQj

(dp /d OC)max
KA

DA

)

DF

DFKA
DFDA
DFX

NOx
PM
CcO

(dQg / dot)max—the maximum rate of heat release in the kinetic phase of combustion

(dQqg/d&)max—the maximum rate of heat release in the diffusive phase of combustion

(dQ EA /da) .. —the maximum rate of heat release in the kinetic phase of combustion for fuel with an additive
increasing diffusive combustion rate

(dQ EA /da), , —the maximum rate of heat release in the kinetic combustion phase for fuel with an additive
reducing kinetic combustion rate

(dQ E ¥/ da), ., —the maximum rate of heat release in the kinetic combustion phase for the base (reference) fuel
(dQE /da) . —the maximum rate of heat release in the kinetic phase of combustion for fuel with two additives
(dQ dDA/ da), ,,—the maximum rate of heat release in the diffusive phase of combustion for fuel with an additive
increasing the diffusive combustion rate

(dQ IéA /da), ., —the maximum rate of heat release in the diffusive phase of combustion for fuel with an additive
reducing the kinetic combustion rate

(dQ dDF /da)_ ., —the maximum rate of heat release in the diffusive phase of combustion for the base (reference) fuel
(ng /da) . —the maximum rate of heat release in the diffusive phase of combustion for fuel with two additives
the maximum rate of pressure increase

fuel additive that reduces the kinetic combustion rate

fuel additive that increasing the diffusive combustion rate

the sum of additions KA + DA

diesel fuel

fuel with an additive that reduces the kinetic combustion rate (DF + KA)

fuel with an additive that increases the diffusive combustion rate (DF + DA)

fuel with both additives (DF + KA + DA)

heat released in the diffusive phase

nitrogen oxides

particulate matter

carbon monoxide
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HC hydrocarbons

O, dioxide

CO, Carbon dioxide

Texh exhaust gas temperature

TDC top dead center

Nt thermal efficiency

Mo overall efficiency

Te self-ignition delay

Gy hourly fuel consumption

gt specific fuel consumption

i start of injection

Ksc start of combustion
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