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Abstract: The article discusses the possibility of using glycerol as an additive to the engine fuel
in order to reduce the tendency of combustion knock, and thus to increase the octane number of
a given fuel. Experimental tests were carried out on the UIT-85 research engine with a variable
compression ratio from eight to eleven to test the intensity of the knock. The completely renewable
fuel—the blend of glycerol with butanol in the ratio of 25 and 75%, respectively—was tested. A
comparative analysis of the knock intensity was conducted with gasoline 95 and N-butanol tested
as reference fuels. The developed method for knock analysis using the proposed knock indicator
was also presented. The experimental results proved the proposed blend of N-butanol and glycerol
reduces the knock intensity by more than 50% in the spark-ignition engine at a compression ratio
of 10, maintaining engine performance at a similar level as it was for a gasoline-fueled engine. The
results confirmed the thesis on the reduction of knock intensity when adding glycerol to N-butanol.

Keywords: glycerol; combustion knock; comparative analysis; internal combustion engine

1. Introduction

The topics raised in the article deal with fuel testing and knock analysis. Hence, the
literature review was divided into two parts on these two topics. As the literature databases
are rich in research works focused on the knock phenomenon and alcohol combustion in
internal combustion (IC) engines, this introduction only presents exemplary references
related to the key topics; however, they are not strictly correlated with the essence of the
article, and hence, prove a gap in knowledge.

The tendency of IC engines to knock is one of the most important reasons limiting
the thermal efficiency of engines. It prevents the achievement of an efficient combustion
process, and limits the possibility of increasing the compression ratio. The knock results
from the noise caused by the self-ignition of a certain part of the air-fuel mixture before
the spreading flame front [1]. This phenomenon is inherent in the operation of IC engines
and has been intensively researched for decades. There are several terms to describe this
phenomenon as follows: combustion knock, engine knocking, or knocking combustion.
High-frequency pressure oscillations occur in the combustion chamber during knocking
combustion. The knocking combustion is harmful to the engine by causing damage mainly
to the piston rings and piston crowns by melting and puncturing them. The results from
knocking tests lead to a deeper understanding of combustion, and ultimately to improving
engine construction, increasing durability, decreasing fuel consumption, and reducing
toxic exhaust emissions and noise. The phenomenon consists of two characteristic phases.
The first one is the flame propagation phase, which lasts from the ignition of the spark to
the beginning of the pressure oscillation. In this phase, the temperature of the unburned
mixture increases as a result of compression, caused by the exhaust gas and the piston
motion, and heating because of the spreading flame. In the second phase, the pressure
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sharply increases to a maximum, and then oscillates with decreased amplitude. Self-ignition
occurs as a result of reaching a sufficient level of pressure and temperature of the unburned
mixture. The pressure wave, initiated by spontaneous combustion, propagates inside the
chamber, reflects off its walls and causes pressure oscillations. The knocking combustion can
be reduced by changing cylinder design and engine operating parameters as follows: spark
timing, engine load and speed, air-to-fuel ratio, and exhaust gas recirculation. Another
strategy is to modify a fuel so that it will be more resistant to generating knock, e.g., by
adding some ingredients or blending with another liquid. In this paper, n-butanol blended
glycerol is proposed as the engine fuel which is characterized by low knock willingness.

The knock has several faces. In modern small-capacity gasoline engines, the highest
possible power needs to be performed from a small swept volume, and there is a risk
of the so-called super-knock [2]. The super-knock can destroy the engine very quickly.
Since super-knock occurs before ignition of the mixture, it is very violent, uncontrolled,
and technically impossible to prevent by using appropriate sensors or ignition control.
The knock resistance of fuels in SI engines is determined by the research octane number
(RON) [3] and the motor octane number (MON). A higher octane number means greater
resistance to fuel self-ignition. The paper [4] presents a broad and in-depth review of
the knowledge about the processes occurring during knocking in spark-ignition engines,
emphasizing recent advances in the field of their prevention in highly supercharged SI
engines. It was found that knock or knocking can occur in modern combustion engines
under conditions of high energy density, and that thermodynamic conditions and shock
waves affect the initiation phases of the combustion and detonation wave. According to
the authors [4], the most frequently observed was the mode of detonation initiated by
the reflection of the shock wave, and this reflection is the main reason for self-ignition
at the wall. The strategies for controlling the knock and individual combustion phases
were also summarized, as well as the perspective directions of the research on knock
combustion. Numerous works describe various techniques of knock detection [2,5-10] and
methods of engine control to prevent knocking [3,7,11-13]. In order to better understand the
knocking phenomenon, many studies were conducted on the basis of various diagnostics
with the visualization of pressure waves and self-ignition [13-17]. The research on the
knocking phenomenon is also carried out using numerical simulation methods based on
various models of the combustion process, leading to the formation of knocking [1,18-21].
The negative effects of knocking combustion on engines are the motivation to research
the possibilities to increase the octane number of fuels, most often by modifying the
composition of fuels or introducing appropriate additives [22,23].

The content of the article deals with butanol and glycerol. Butanol is recognized as an
alternative clean fuel for SI engines. Wei et al. [24] investigated the knocking combustion of
gasoline blends with bio-butanol in an SI engine with direct injection. He found that pure
bio-butanol has a better knock resistance, which was enhanced by increasing the ignition
advance angle. The probability and cumulative distributions were used to assess the
variability of knocking intensity of each fuel. The fuel, containing 20% bio-butanol (Bu20)
compared to gasoline, had a slightly lower anti-knock resistance. In a study performed
by Yang et al. [25] on the SI engine fueled by butanol-gasoline mixtures, it was found
that the engine power was not reduced when butanol concentrations were below 20% by
vol. Feng et al. [26] investigated the combustion efficiency in a diesel engine powered by
bio-butanol and with gasoline injected into the intake manifold. It was found that at the
optimal ignition angle, the indicated mean effective pressure (IMEP) increased, and with
the increase of the bio-butanol mass fraction, the resistance to knock increased. Huang
et al. [27] investigated the possibility of using a mixture of butanol and gasoline in a scooter
SI engine with a capacity of 125 cm?. The fuels with the volumetric content of butanol
from 10% to 100% were used. Research has shown that pure butanol increased engine
performance at 4000 and 6000 rpm. Thomas et al. [28] investigated the influence of the
compression ratio on the performance and emissions of an SI engine powered by a mixture
of gasoline and bio-butanol at various loads. Measurements were performed at three
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different compression ratios (CR): 7:1, 8.5:1, and 10:1. The fuels used in this study were
pure gasoline and a 20% N-butanol blend with gasoline. The results showed that with an
increase in the compression ratio at all loads, the engine efficiency increased. Moreover, it
has been found that the efficiency of the SI engine at partial load can be improved by using
a variable compression ratio, especially when using fuels with better anti-knock properties.
Niass et al. [29] found that the RON, the MON, and the heat of vaporization significantly
increased for the gasoline-butanol mixture. Therefore, with advanced ignition, the efficiency
increased at high and full loads, and thus, more favorable combustion conditions could
be obtained. The increase in knock resistance assists with the reduction of CO emissions
when the compression ratio was enhanced, or engine downsizing was performed. At
medium loads, the identical or slightly better operating and emission parameters were
defined. Galloni et al. [30] analyzed the performance of a downsized SI engines powered
by gasoline and bio-butanol blends (20% and 40% bio-butanol blend by weight with
gasoline). It was found that with the increase in alcohol content, the thermal efficiency
decreased slightly (by approx. 4%) and that butanol increased the burning rate of poor
mixtures. It has also been found that the ignition timing does not need to be adjusted when
switching from pure gasoline to bio-butanol-gasoline blends. Scala et al. [31] analyzed the
performance of a turbo-charged SI engine, powered by various butanol-gasoline mixtures,
by numerical analysis. It was found that the optimal ignition timing for operating with an
alcohol-gasoline mixture must be delayed (up to 13%) compared to pure gasoline. Irimescu
et al. [32] investigated the use of N-butanol in an SI engine with direct injection, operating
at low load and wide-open throttle (WOT). The correlation of the obtained thermodynamic
data with flame images provided information on the evolution of chemical compounds (OH
radical, soot precursors and carbon structures) during combustion. It was found that at low
load, the alcohol performed slightly better than gasoline. However, at WOT, an opposite
trend was observed. In the case of low coolant temperature, there was a liquid fuel film on
the piston crown, which resulted in a slower flame spread. Merola et al. [33] conducted
successful experimental tests on the SI optical engine with a 20% butanol-gasoline fuel
injected into the channel mounted in the head of a commercial turbocharged SI engine.
Deng et al. [34] investigated the effects of ignition timing, ratio of bio-butanol-gasoline
mixture, engine load, and air-fuel ratio in a high-speed SI engine. It has been found that
bio-butanol can provide a higher knock resistance, allowing for a more advanced ignition
angle, leading to more efficient combustion. Czerwinski et al. [35] studied the different
proportions of butanol in gasoline on a two-cylinder SI engine. They found that N-butanol
blends with gasoline can reduce CO, HC, and NOx emissions in the raw exhaust gas, and
have very little effect on the catalytic conversion factors of the three-way catalyst.

With regards glycerol, this is colloquially called glycerin and its chemical formula is:
C3HgO3. The molecular structure of glycerol is presented in Figure 1. The main properties
of glycerol are provided in Table 1.

Glycerol is a colorless, oily liquid with a sweet taste. It dissolves in water and alcohols,
and does not dissolve in substances such as esters or chloroform. Originally, glycerol
was obtained in the process of fat saponification. This reaction is well known because it
produces glycerol and fatty acid salts, i.e., soap. Nowadays, glycerol is more and more
often obtained from the biodiesel production process. Glycerol has many practical uses. It
is a completely non-toxic substance. Glycerol is a substance with high hygroscopicity, i.e.,
the ability to absorb moisture, which is used, for example, in tanning to prevent the leather
from drying out. Glycerol is also used as a sweetener in cough suppressant syrups. It is also
used for the production of explosives (nitroglycerin). There are several works as regards to
glycerol combustion in IC engines [36—40]. As found from a literary survey, glycerol has
a high potential to be implemented as a fuel additive or a secondary fuel for IC engines.
Nowadays, glycerol is mainly used in fuel blends at percentages up to 25% by volume. The
problem of glycerol comes from its relatively high viscosity at ambient temperatures and
high surface tension; these parameters have a negative effect on spraying, atomization, and
primary and secondary break-ups while glycerol is injected into an engine cylinder.
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Figure 1. Molecular structure of glycerol.

Table 1. Properties of glycerol, N-butanol and gasoline 95.

Parameter Unit Glycerol N-Butanol Gasoline 95
Chemical structure - C3HgOs3 C4HyOH CgHjs
Molecular weight g/mol 92 74 111
Density @ 20 °C g/cm? 1.26 0.81 0.75
Lower Heating Value MJ/kg 16.0 32.0 429
Water content Y% 14 +17 - -
Heat of vaporization
(at boiling point) KJ/kg 826 584 349
Cetane Number - 0-+10 - 5+20

In summary, the novelty and innovation presented in this article deal with the mixture
of N-butanol of 75% and glycerol of 25% by volume which is considered an attractive fuel
for the spark-ignition (SI) engine. As concluded from a literature review, there is a gap in
the field regarding investigations of this mixture as a potential fuel for a reciprocating IC SI
engine. Additionally, a new knock indicator was introduced and implemented into practice
in this investigation.

2. Test Setup

The reciprocating internal combustion engine UIT-85 was used for the tests. It is a
single-cylinder variable compression unit used to determine the octane number of fuel
and is a clone of the Waukesha CFR1 engine. The technical data of the engine are given in
Table 2.

Table 2. Technical data of the engine UIT-85.

Parameter Data/Description
Number of strokes 4
Ignition system Spark ignition
Number of cylinders 1
Cylinder position Vertical
Timing type OHV
Number of valves 2
Cylinder bore, mm 85
Piston stroke, mm 115
Connecting rod length, mm 266
Swept volume, cm3 652.57
Compression ratio 8...11

For research purposes, some significant changes were made to the engine. An open-
water, forced cooling system with a water-air cooler and a thermostat-controlled electric
fan was used. Electronically controlled ignition and injection system were used to manage
the engine parameters, such as ignition angle, amount of fuel, and fuel injection angle. The
electronically controlled encoder installed on the camshaft determines the instantaneous
position of the crankshaft. A wideband lambda was used in the exhaust system, as well as
a pressure sensor on the intake manifold and an air-flow meter and a piezoelectric pressure
sensor. Temperature sensors were installed in the intake system, in the cooling system, and
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at the exhaust; ambient temperature data were transmitted to the data card. The engine as
a research unit was equipped with a system working on gaseous and liquid fuels with the
possibility of heating liquid fuel in the case of high viscosity. The complete test stand is
presented in Figure 2.

ok
T

FUEL SYSTEM

| UIT-85 :H:

N

— )
- 13 14

Figure 2. The scheme of test bench. 1-fuel supply system; 2-fuel heater; 3-electronic injection and
ignition control system; 4-data acquisition card; 5-computer for real-time analysis; 6-air filter; 7-rotor
flow meter; 8-air reservoir; 9-fuel injector; 10-exhaust gas temperature sensor; 11-universal exhaust
gas oxygen (UEGO) sensor; 12-spark plug equipped with a piezoelectric pressure sensor; 13-UIT-85
research engine; 14-encoder on the camshaft.

The test bench consisted of a fuel system (1), which includes two fuel tanks allowing
for quick replacement or refilling of fuels during the tests. The injection pressure (up to
10 bar) was adjusted by compressed air. Highly viscous liquid fuels can be heated by an
electric heater (2) and then fed into the fuel injector (10). An electronic system (3) was
used to control the injector, which ensures the control of the start of injection and injection
time, electric discharge time, and spark energy. The system used an encoder (14) installed
on the camshaft and synchronized with the engine. A data acquisition card (4) collected
temperature data of the engine cooling system, the engine intake air, and the exhaust gas.
Additionally, the data acquisition card (4) recorded the impulses from the encoder (14) and
from the pressure sensor built into the spark plug (12). The computer (5) with the SAWIR
application was used to analyze the engine parameters. The air intake system contained
the air filter (6), a rotor air flow meter (7), and a pressure pulsation compensator (8) with
a capacity of 120 dm3. The exhaust gas temperature sensor (10) and a universal exhaust
gas oxygen (UEGO) sensor (11) with a controller were installed in the exhaust system.
The exhaust gas analyzer (15) enabled continuous analysis of the exhaust gases. The test
engine (13) can operate with an adjustable speed and variable load. Instrumentation and
the uncertainties used in tests are presented in Table 3.
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Table 3. Instrumentation of the measurement system.

Instrument Range Accuracy
Air flowmeter CGR-01 025...25m3/h 0.1%
Fuel flowmeter 0.64 ... 128 mg/cycle 1.5%
2...10pC <£+2%
Charge amplifier Kistler 5018A 10... 100 pC <£0.6%
100 ... 2,200,000 pC <£0.3%
Pressure sensor: Kistler 6118C 0...200bar <+1%
Data acq. system: USB-1608HS 10V £0.07%
Thermocouple NiCR-NiAl (K) (—40) ... 1140 °C 1.5°C
Encoder PR90 max 6000 rpm 0.3 deg/rev

2.1. Methodology

The investigation was taken on the basis of comparative analysis with 3 fuels as
follows:

N-Butanol+Glycerol at ratio of 3:1 respectively
Gasoline 95
N-Butanol.

Gasoline and N-butanol were used as reference fuels to show any differences and
similarities to the main fuel, which was a mixture of N-butanol of 75% and glycerol of 25%
by volume.

The comparative analysis conducted in this investigation is based on measurements
of the following parameters:

Indicated Mean Effective Pressure (IMEP) of the engine,
Knock Intensity (KI),
Knock-to-Power indicator.

All three parameters were calculated on the basis of in-cylinder pressure data sampled
at a 100 kHz frequency.

As far as the IMEP does not need any detailed explanation, the knock intensity KI
was calculated as the maximum amplitude of in-cylinder pressure pulsations during the
combustion phase after filtering the raw in-cylinder pressure (Figure 3a) with the high-pass
Butterworth filter of 4th order and a cut-off frequency of 3.5 kHz as depicted in Figure 3b.
This approach for determining knock intensity is relatively simple and therefore commonly
used in research. In other papers, this parameter is named MAPO (maximum amplitude of
pressure oscillations).

6 75
g
g ° ! %\, g? 501

] =
w / =
% 3 .?'# ok g 0 A W/\\/(\\}AR MMAMMMM
- 2 I 1
£2 Zeeeeee Gasoline 95 2 25
z = ==n_Butanol § !
=1 T 501 Kl =61 kP
= n-Butanol+Glycerol o a
0 75 . . . . . . .
-30 -20 10 O 10 20 30 40 50 60 -10 -5 0 5 10 15 20 25 30
Crank angle (deg aTDC) Crank Angle (deg aTDC)
(a) (b)

Figure 3. (a) Exemplary in-cylinder pressure for the tested fuels; (b) in-cylinder combustion pressure
pulsations for KI calculations.
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For the comparative analysis a new indicator denoted Knock-to-Power was proposed
from Equation (1):
Knock-to-Power = Klg,;/IMEPg, 1

where Klg,; is a dimensionless, relative factor expressing ratio of knock intensity of the
engine working on tested fuel (KITF) to knock intensity of the engine fueled by a referenced
fuel (Klg) at its optimal spark timing for this fuel as described by Equation (2).

KlIger = KItp/Klges 2)

where IMEPg, is a dimensionless, relative factor expressing a ratio of indicated mean
effective pressure of the engine working on the tested fuel (IMEPr) to IMEPg. of the
engine fueled by the referenced fuel at its optimal spark timing for this fuel as presented
with Equation (3).

IMEPg, = IMEPrp/IMEPg,s 3)

This dimensionless indicator, defined as the ratio of relative parameters for knock
intensity and engine load, is to be used to evaluate the possibility of using an unknown
fuel in the engine with respect to obtaining the maximum power and minimum knock in
reference to a known fuel at its known operating settings, e.g., spark timing. Additionally, it
can provide the possibility of easier optimization of the engine operation on this unknown
fuel. It was recognized that simply determining RON as an indicator of knock resistance
for a given fuel will not be reliable, because it does not relate to engine performance, which
is affected not only by fuel quality (i.e., RON), but also by its lower heating value (LHV),
combustion rate, and maximum flame temperature. In some cases, intense knocking occurs
beyond the range of the effective engine operation at max. IMEP or maximum brake
torque (MBT). However, it is also the case that the knock occurs earlier and accompanies
engine work, thus limiting the engine’s operating range and not allowing it to enter optimal
operating conditions. This indicator proposed here can solve several problems and might
point out research targets.

2.2. Test Matrix

The tests were conducted following parameters depicted in Table 4. Table includes
parameters that were varying and fixed during the tests. The combustion was at a stoichio-
metric ratio at the maximum possible engine performance at WOT. Although engine load
expressed by the IMEP was not constant, but assuming WOT conditions, the maximum
possible IMEP was generated.

Table 4. The tests parameters.

Fuels Gasoline 95 N-Butanol N-Butanol+
Glycerol
Varying parameters
Spark Timing (CA deg aTDC) from —4 to —24 from —3 to —24 from —6 to —24
Compression ratio from 8 to 11 from 8 to 11 from 8 to 11
Constants
Fuel dose Fixed Fixed Fixed
Air-to-fuel ratio expressed by
from 1.0 to 1.03 from 1.0 to 1.03 from 1.0 to 1.03
lambda
Engine speed (rpm) 600 600 600
Engine throttling WOT WOT WOT

The knock measurements were regulated by the procedure ASTM D2699, hence, the engine speed of 600 rpm has
to be set.
3. Results and Discussion

At the beginning, the results of IMEP vs. the ignition angle for the tested fuel and
the two reference fuels (gasoline and N-butanol) are presented (Figure 4a,c,e). With the
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aid of these graphs, it is possible to determine the optimal ignition angle at which the
engine achieves the highest IMEP at various compression ratios in the range of 8 to 11,
which corresponds to the highest indicated efficiency assuming both a constant fuel dose
and engine speed. One can observe that at the higher CR, the spark timing is closer to
the TDC. This is a well-known correlation for the IC engine. At a higher CR there is a
higher temperature at spark timing that consequently affects faster flame propagation,
hence, higher combustion rate, and as a result, the maximum IMEP is generated closer to
the TDC. As depicted in Figure 4a, the optimal spark timing for a gasoline-fueled engine
was not achieved for the CR of 11. It was caused by the relatively high knock intensity
over 200 kPa when the spark timing occurred earlier than —6 CA deg aTDC; therefore, the
engine was not operated at this range. However, this partially conducted test was depicted
in Figure 4a,b. Figure 4b,d,f shows knock intensity KI vs. spark timing for the tested fuels
under the same various compression ratios. As observed, knock intensity KI increased with
advancing the spark timing. As mentioned, the KI calculations were obtained from the
same tests depicted in Figure 4a,c,e. Based on a number of research studies, it was assumed
that a knock intensity KI above 60 kPa may be burdensome on the engine and may shorten
its life. On the other hand, the knock above 100 kPa is so strong that engine operation in the
conditions leading to this knock is unacceptable. As observed in Figure 4f, the mixture of
butanol and glycerol (denoted as N-Butanol + Glycerol) is characterized by the lowest KI,
which does not exceed 100 kPa except the test for CR = 11 at ST earlier than —14 CA deg
aTDC. On this basis, it can be stated that glycerol is a substance that reduces the maximum
flame temperature and thus slows down the combustion process. Hence, the lower flame
temperature and lower combustion reaction rates should positively reduce the formation
of local self-ignition centers.

The test with a compression ratio of 10 was selected for further analysis because this
one is commonly used in modern spark-ignition engines. There are several correlations
of knock intensity with other combustion parameters. For example, typical combustion
analysis deals with the heat release rate (HRR) (Figure 5a) and cumulative heat released
from combustion recalculated to the normalized range from zero to one (Figure 5b). The
representation of HRR and cumulative heat plots for comparison requires the same scale
as the crank angle axis. These HRR and cumulative heat courses were calculated for the
optimal spark timings, which were different for the tested fuels. Therefore, in order to make
a comparison between the HRR plots, it was decided to present them by taking the spark
timing as a reference point shown in Figure 5 as “Spark Timing”. Hence, the horizontal axis
represents the relative crank angle and starts with “zero” from the beginning of combustion.
As observed, there are no significant differences associated with the knock intensities and
heat release rates for these tested fuels. The sharp peak on the butanol combustion course is
caused by a so-called “rumble” effect known from gasoline combustion. One can conclude
that this “rumble” effect might contribute to higher in-cylinder pressure pulsations during
butanol combustion, as does knock intensity. Furthermore, as a result of higher HRR,
the combustion progress is faster for N-butanol in comparison with other tested fuels, as
depicted in Figure 5b.

Figure 6 presents both IMEP and KI for various spark timings at a compression
ratio of 10 for these three tested fuels. The maximum IMEP was marked with a bar also
showing the optimal spark timing associated with the IMEP maximum. Additionally, KI
was inserted in these diagrams. As found, the KI for optimal spark timings for these fuels
was in the range from 40 to 60 kPa. On the other hand, the IMEP maximum varied more
significantly, changing from nearly 790 kPa for gasoline and decreasing to 775 kPa for
N-Butanol + Glycerol. Thus, from this point of view, one can conclude that the engine, at
its optimal spark timing, operated on gasoline works more efficiently because it generates
higher IMEP at a similar knock intensity.
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Figure 4. IMEP and knock intensity vs. spark timing for the tested fuels at various compression
ratios: (a) IMEP for Gasoline 95; (b) KI for Gasoline 95; (¢) IMEP for N-Butanol; (d) KI for N-Butanol;
(e) IMEP for N-Butanol + Glycerol; (f) KI for N-Butanol + Glycerol.
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Figure 5. (a) Heat release rate vs. relative crank angle; (b) normalized cumulative heat released vs.
relative crank angle for the tested fuels.
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Figure 6. IMEP and knock intensity KI vs. spark timing for the tested fuels at a compression ratio of
10: (a) for Gasoline 95; (b) for N-Butanol; (c) for N-Butanol + Glycerol.

As previously mentioned in the Methodology section, a specific knock indicator Knock-
to-Power was proposed that took into account, apart from the knock intensity, the engine
performance expressed by IMEP. For the analysis presented here, the Knock-to-Power
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indicator for the operation of the engine on gasoline 95 at a compression ratio of 10 and
ST = —10 generated the highest IMEP. Therefore, this indicator should be used to assess the
performance and intensity of the knock occurring for an engine operating on different fuels.
This approach may come as a bit of a surprise when one notices that the absolute knock
value is the most significant quantity in terms of engine life. However, the knock related to
engine performance (IMEP in this case), as defined by the indicator Knock-to-Power, should
provide additional information of a potential for higher power with a knock occurring at a
safe level that is harmless for the engine. Thus, this indicator characterizes not only the
fuel (just like the index called octane number), but it illustrates the specific engine-fuel
system. As shown in Figure 7, Knock-to-Power, in some conditions, exceeds a value of three.
This means the relative knock intensity Kl is 3-times higher than the relative IMEPg,
referring to absolute values for Klg,s and IMEPg, for gasoline at an ST = —10 CA deg aTDC
at CR =10.
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Figure 7. Knock-to-Power indicator vs. spark timing for the tested fuels at various compression
ratios: (a) for Gasoline 95; (b) for N-Butanol; (c) for N-Butanol + Glycerol.

As can be seen in Figure 8, the operation of the engine on N-butanol is the most
unfavorable, because, with a knocking intensity similar to that of gasoline, the engine
achieves a significantly lower IMEP value, and thus lower power and lower efficiency and,
consequently, lower overall efficiency. The most effective work is for the engine fueled by a
mixture of butanol and glycerol. The engine achieves satisfactory performance with the
relatively low Knock-to-Power indicator, as shown in Figure 8 and presented in Table 5.
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Figure 8. Knock-to-Power vs. spark timing for the tested fuels at a compression ratio of 10.
Table 5. The data for normalized Knock-to-Power.
Fuel Knock-to- Knock IMEP Optimal ST
Power Intensity
- kPa kPa CA deg aTDC
N-Butanol 1.48 52.4 763 -9
Gasoline 95 1.00 59.1 792 —10
N-Butanol + 0.32 449 775 15
Glycerol

Table 5 provides data for normalized Knock-to-Power, knock intensity KI, and IMEP
at optimal spark timing at a compression ratio of 10, as it was earlier assumed for gasoline
combustion tests. In Table 5 one can notice the absolute results for KI are comparable with
each other for gasoline and N-butanol; however, the Knock-to-Power indicator is definitely
lower, i.e., more favorable for gasoline. This indicator is even better for a mixture of glycerol
and butanol. It can be concluded that the lower this indicator, the greater the possibility
of obtaining better engine performance (power, IMEP). This is because KI increases more
slowly than IMEP. This indicator is a value that can be used to characterize the drive unit:
engine + fuel.

4. Conclusions

The following conclusions were drawn from the investigation focused on applying
the proposed fuel consisting of butanol and glycerol:

e The novelty of the research work presented in this article deals with a new blend,
which consist of glycerol and N-butanol, which are renewable liquids.

e  Glycerol added to N-butanol at the percentage of 25% by volume decreases knock
intensity in a spark-ignition engine.

e  The mixture of 75% N-butanol and 25% glycerol can be combusted in the engine
working at a compression ratio of 11. As compared to gasoline combustion tests, the
knock is at the acceptable level of below 60 kPa at the optimal spark timing of —10 CA
deg aTDC for a maximum of IMEP.

e  The proposed mixture of butanol-glycerol at the volumetric percentage of 75-25,
respectively can be treated as a fully renewable fuel for a spark-ignition engine working
as a propulsion unit in a vehicle or a power generation set.
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e  Regarding the indicator Knock-to-Power, its significantly low value for the proposed
mixture of 75% N-butanol and 25% glycerol, in comparison to gasoline tests at compres-
sion ratio of 10, provides the premises for the potential to work at higher compression
ratios.

e  The proposed Knock-to-Power indicator for knock evaluation is the innovative quan-
tity developed for the purpose of linking knock and engine load in a dimensionless
grading.

e  The indicator Knock-to-Power is considered a valuable tool to assess the potential of
heavy knock occurrence under engine load.
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Abbreviations

aTDC  after top dead center
CA crank angle

CI compression ignition
CO carbon monoxide
CR compression ratio

HC hydrocarbon
HRR  heat release rate

IC internal combustion
IMEP  indicated mean effective pressure
KI knock intensity

LHV  lower heating value
MON  motored octane number
NOx  nitric oxides

RON  research octane number
SI spark-ignition

WOT  wide-open throttle
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