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Dual fuel diesel engine operation is an important technique used for combustion control in diesel engines. In this
study, ethanol is injected into the exhaust manifold of a single cylinder diesel engine. The exhaust valve opens
during the intake stroke, enabling vaporized ethanol to enter the cylinder where it is then ignited by diesel
fuel injection. The effects of exhaust gas recirculation (EGR) ratios, ethanol injection timing, and ethanol amount
are studied. Furthermore, exhaust and intakemanifold injection of ethanol compared under the same conditions.
These results reveal that ethanol injection into the exhaust manifold increases the apparent heat release rate
(AHRR) at the premixed combustion phase. Additionally, the ignition delay increases with ethanol injection by
0.2° crank angle (CA). The indicated mean effective pressure (IMEP) and total heat released per cycle are in-
creased by 8.2% and 14.2%, while the NOx and soot concentrations are reduced by 88% and 30%, respectively.
When compared with exhaust manifold ethanol injection, intake manifold injection results in higher AHRR in
the premixed combustion phase, decreased engine performance, an increase in soot production of approximately
35%, and decrease in NOx of 13%.

© 2017 Elsevier B.V. All rights reserved.
Keywords:
Exhaust manifold injection
Diesel engine
Ethanol
Dual fuel
Combustion control
Exhaust gas recirculation
1. Introduction

The development of new combustion strategies meant to increase
fuel efficiency and reduce the harmful emissions has been driven by
multiple factors, including the depletion of conventional fuels, environ-
mental pollution concerns, and tightening exhaust emission standards.
Diesel engines, widely used in transportation, electrical power genera-
tors, and pumps, play a crucial role in the energy economy. Of additional
interest, diesel engines significantly contribute to air pollution and are
commonly considered the primary source of NOx and soot emissions.

Complicating efforts to improve pollution, there is a tradeoff rela-
tionship between soot and NOx formation in diesel engines, which
makes the simultaneous reduction of both difficult. Low-temperature
combustion (LTC) strategies have been considered efficient for concom-
itantly reducingNOx and soot. As the formation reaction of NOx has high
activation energy, low combustion temperatures are able to reduce NOx

emissions [1]. The long ignition delays in LTC additionally provide
enough time for fuel and air to mix thoroughly before the start of com-
bustion. This reduces soot formation by diminishing fuel rich regions.
The diesel engine dual fuel operation is one example of a practical
ring Department, Egypt-Japan
El-Arab, Alexandria, Egypt.
r).
application of LTC strategies for combustion control and emission re-
duction [2].

Unfortunately, advanced engine combustion strategies cannot solve
all the problems facing our society at present. The use of alternative
fuels is imperative for addressing these concepts. Among alternative
fuels, ethanol is one of themostwidely investigated for use in combina-
tion with diesel fuel. Ethanol is an attractive alternative to conventional
fuels, as it can be renewably produced from crops such as sugar cane,
beetroot, cassava, and sweet sorghum. This increases energy security
while reducing reliance on fossil fuels. Globally, ethanol is considered
a carbon neutral fuel as the CO2 produced during combustion is
absorbed again during photosynthesis, reducing greenhouse gases.
The presence of oxygen in ethanol's chemical composition can poten-
tially reduce soot emissions in diesel engines.

However, use of ethanol fuels in diesel engines suffers from many
obstacles. Mixing ethanol with diesel fuel lowers the heat value of com-
bustion. Therefore, higher volumes of ethanol are required to complete
the same work as diesel fuel. Ethanol mixes with diesel fuel only in
small percentages, and these mixtures are unstable and separate easily
in the presence of small amounts of water [3]. Diesel fuel has greater lu-
bricating qualities than ethanol. Furthermore, ethanol has higher latent
heat of vaporization then diesel, so mixing ethanol into the fuel leads to
charge cooling and combustion quenching [3]. Diesel engines use high
cetane number fuels which easy autoignition and short ignition delay,
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Nomenclature

AHRR Apparent heat release rate
ATDC After top dead center
B7 Fuel blend of 7% biodiesel and 93% diesel fuel
BDC Bottom dead center
bsfc Brake specific fuel consumption
BTE Brake thermal efficiency
CA Crank angle
CO Carbon monoxide
COV Coefficient of variance
E85 Fuel blend of 85% ethanol and 15% gasoline
EGR Exhaust gas recirculation
EGR10 EGR ratio of 10%
EGR25 EGR ratio of 25%
EPA Environmental protection agency
EVC Exhaust valve close
EVO Exhaust valve open
FPGA Field programmable gate array
HC Hydrocarbon
HCCI Homogeneous charge compression ignition
IMEP Indicated mean effective pressure
ITE Indicated thermal efficiency
IVC Intake valve close
IVO Intake valve open
NOx Nitric oxides
OH Hydroxyl group
PFI Port fuel injection
PM Particulate matter
ppm Parts per million
RCCI Reactivity controlled compression ignition
SOI Start of injection
TDC Top dead center
VVA Variable valve actuating
LTC Low-temperature combustion

Symbols
N Number of samples
P Cylinder pressure [MPa]
Qnet Apparent heat release rate [J/deg]
T Average gas temperature [K]
V Cylinder volume [cm3]

Vdisplace Cylinder displacement volume [cm3]

Greek symbols
θ Crank angle degree
κ Specific heat ratio
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whereas ethanol has a low cetane number, low auto-ignition capability,
and associated high knock tendency. Using ethanol in diesel engines is
not limited to diesel and ethanol blends. Various techniques such as
blending, emulsion, fumigation and fuel injection in the intakemanifold
have been investigated using ethanol in compression ignition engines
[4].

The combustion of ethanol and diesel blends in diesel engines has
been investigated over the last fewdecades [3,5–12]. The ethanol to die-
sel fuel blend ratios in previous studies have not exceeded 20% volumet-
rically, as higher values may further reduce soot emission but will also
affecting engine performance. This is due to the low heating value of
ethanol. An ethanol and diesel fuel blending ratio of 15% by volume
has been reported as optimum with regards to performance and
emissions [3]. These ethanol and diesel fuel blends increase brake ther-
mal efficiency, CO, and HC emissionswhile reducing soot andNOx emis-
sions [3,10]. However, higher specific fuel consumption and decreases
in torque, power and brake thermal efficiency have been observed as
the percent of ethanol in blends increases. This is a result of the low cal-
orific value of ethanol [5–7]. For in-cylinder analysis, adding ethanol to
diesel fuel prolongs ignition delay and reduces combustion duration
[11,12]. High ethanol percentages in these blends showhigher peak cyl-
inder pressures andhigher premixed heat release rates compared to un-
blended diesel [12]. The effect of injection timing on diesel engine
performance was investigated by Murcak et al. [9]. They cited that ad-
vancing the injection timing 10° CA for ethanol/diesel mixtures gives
better engine performance on power, torque, and bsfc compared to
standard injection timing of pure diesel fuel [9]. Multiple studies have
investigated changes in combustion resulting from the effects of mixing
5, 10 and 15% by mass anhydrous ethanol with a combination of diesel
and biodiesel in a diesel engine [11,13,14]. As the ratio of ethanol in-
creased, cylinder pressure and heat release rate were reduced at lower
loads and grew atmedium or high loads. The 7% biodiesel (B7) contain-
ing 15% of ethanol increased fuel consumption by up to 18%, but re-
duced CO and NOx emissions by 8% and 10%, respectively [11]. HC
emissions were increased at low loads and reduced at high loads [11].

The stability of ethanol and diesel blends is affected mainly by the
temperature andwater content of themixture, showing greatest stabil-
ity at warm ambient temperatures. However, below approximately 10°
C, the two fuels separate. This separation can be prevented by adding an
emulsifier or co-solvent [15]. Fumigation, an alternative method of in-
troducing alcohols into diesel engines, improves separation prevention
at lower temperatures. In dual fuel operation using fumigation, fuels
are introduced to air upstream of the manifold at the intake, where
premixing with intake air can occur by way of spraying or carbureting
[16–20]. Using the fumigationmethod, it is possible to increase the per-
centage of injected alcohol over 20% [16].

In-cylinder analysis shows fumigating ethanol results in higher peak
pressures, higher heat release rates in the premixed combustion phase,
and longer ignition delays atmedium or high engine loads [18]. For low
engine loads, the heat release rate remains similar between evaluations
of ethanol fumigation and pure diesel fuel. The observed longer ignition
delay is a result of ethanol's low cetane number and poor autoignition
properties. As a consequence of these longer ignition delays, the amount
of fuel burned in the premixed phase increases while fuel burned in the
diffusion phase decreases. The combustion duration is shortened atme-
dium and high engine loads [18].

When compared to pure diesel combustion, alcohol fumigation also
exhibits a higher coefficient of variation of indicated mean effective
pressure (COVimep) and reduced maximum in-cylinder temperature
[19]. The decrease in cylinder temperature results from ethanol's high
latent heat of vaporization [19]. For engine performance parameters,
the brake specific fuel consumption increased by 7–12%, a result of
ethanol's lower calorific value. Brake thermal efficiency (BTE) decreased
at low engine loads by 5–13%, but increased atmedium and high engine
loads by 2–9% [17]. Emissions were reduced as follows: carbon dioxide
by up to 7.2%, nitric oxides by up to 20%, and particulatematter (PM) by
up to 57% [16,17]. Additionally, ethanol fumigation increased unburned
hydrocarbon (HC) emissions in all load ranges [17].

For several years, great efforts have been devoted to studying etha-
nol injection using reactivity control compression ignition (RCCI), or
port fuel injection (PFI) in the intake manifold. This is a diesel engine
dual fuel operation technique [2,21–32] in which two fuels with differ-
ent autoignition characteristics (one of high reactivity, such as diesel,
and the other of low reactivity, such as gasoline or ethanol) are blended
inside the combustion chamber [32]. The low reactivity fuel is intro-
duced using port fuel injection, while the high reactivity fuel is directly
injected into the cylinder. Combustion phasing is controlled by the rel-
ative ratios of these two fuels, and the combustion duration is controlled
by spatial stratification between the two fuels [32].
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Alternative high reactivity fuels such as biodiesel [31] and gasoline
with cetane number improvers have been studied [29,30]. The PFI of al-
ternatives for the lower reactivity conventional fuels, including alcohols
such asmethanol, ethanol, E85, butanol, and pentanol have been inves-
tigated [2,19,30–33]. In some of these, the percentage of fuel injected
using PFI was increased by up to 90% for the low reactivity fuel and
10% for the high reactivity fuel [2,30]. For in-cylinder combustion anal-
ysis, the introduction of ethanol and E85 increased ignition delay at low
and medium loads [22]. Due to the effect of heat of vaporization, in-
creasing injected methanol or E85 is additionally associated with de-
creases in the peak combustion temperature and final mixture
temperature at the end of the compression stroke [27]. For methanol
or E85, two characteristic peaks in the heat release rate profile were ob-
served: the first represents combustion of pure diesel fuel, while the
second shows burning methanol or E85 [27].

When limited to one diesel injection per cycle, ethanol dual-fuel
combustion is limited to ethanol ratios below 50%. Above these levels,
blending becomes practically infeasible due to the knocking tendency
[25]. Therefore, it is recommended to split diesel injection into two
stages: pre-injection andmain injection. Early diesel fuel injection raises
fuel reactivity in the squish region near the cylinder liner. The main in-
jection, performed closer to the top dead center (TDC), increases reac-
tivity in the central regions [29].

Split diesel injections resulted in higher net indicated efficiency
compared to diesel-only operation [28]. For E85 injected as a secondary
fuel, NOx and soot emissions were, respectively, reduced by up to 65%
and 29% [28] and reported within the EPA limits of 0.27 g/kWh and
0.013 g/kWh [29]. Decreased nitrogenoxide and soot emissions are a re-
sult of the E85 injection, which reduces the excess air factor for the en-
gine. The increased fraction of heat release in the premixed phase of
combustion may be an additional contributor for emission reduction
[21]. However, NOx and soot reductionswere accompanied by increased
CO and HC emissions, particularly at lower loads [21,23]. When the eth-
anol fraction increased, though, HC and CO emissions were reported to
increase [22,25]. Complicatingmatters, all ethanol andmethanol blends
reduced soot emissions [22,25].

The effect of intake air temperatures on ethanol combustion in diesel
engines was presented by Sarjovaara et al. [22]. A decrease in intake air
temperature results in a reduction of the indicated thermal efficiency
and exhaust gas temperature, prolonging the ignition delay. This causes
later combustion phasing with smaller peak cylinder pressures [22].
Conversely, increasing the intake air temperature reduces the NO2, HC,
CO, formaldehyde and methanol emissions and increases NO, NOx and
soot emissions [26].

It can be concluded from both the previouslymentioned articles and
results obtained by other investigators [34–36] that the manner in
which ethanol is introduced into the engine cylinder influences diesel
engine combustion characteristics, impacting both NOx and soot forma-
tion. Previously studied ethanol injection strategies have depended on
either injection in the intakemanifold or direct injection through blend-
ing and emulsion. Although ethanol fumigation and PFI are effective at
preventing blend separation and enabling easy shifts of the ethanol-
to-diesel ratio in accordance with engine load and speed, the direct in-
jection of ethanol and diesel for blending and emulsion allows ethanol
into areas where its presence limits the reduction of emissions. The
major drawback, however, with previously developed techniques is
that their ethanol injection cools the combustible mixture at the end
of the compression stroke. This is a result of ethanol's much higher
heat of vaporization (840 kJ/kg) compared to that of diesel
(270 kJ/kg). The main consequences of charge cooling and combustion
quenching are decreases in the in-cylinder pressure and temperature,
NOx emissions, engine thermal efficiency, and IMEP paired with in-
creased CO and HC emissions.

The present study proposes a new injection strategy to eliminate the
charge cooling effect of ethanol. The proposed injection technique de-
pends mainly on ethanol injection into the exhaust manifold, where it
is evaporated by the waste heat in exhaust gases. This injection into
the exhaust manifold is accompanied by a variable valve actuating sys-
tem (VVA) which opens the exhaust valve during the intake stroke,
allowing evaporated ethanol to enter the engine cylinder. A portion of
the remaining exhaust gases are also introduced to the combustion
chamber as internal EGR. The vaporized ethanol, EGR, and intake air
are mixed during the compression stroke and enhance the next cycle's
combustion. This strategy is a kind of retrieval of waste heat energy in
which part of exhaust enthalpy is returned to the combustion chamber.
This strategy is expected to eliminate the cooling effect of injected eth-
anol as compared to the previously studied strategies.

Ethanol's heat of vaporization is extracted from thewaste heat of hot
exhaust gases (300–350 °C) in the exhaustmanifold. Themain objective
of this work was to investigate the effects of injecting ethanol into the
exhaust manifold on diesel engine combustion and emissions. A simul-
taneous evaluationwasperformed to determine theproposed strategy's
effectiveness at avoiding previously reported defects.

The experiments were performed using a single cylinder direct in-
jection automotive size diesel engine. Ethanol injection into the exhaust
manifold was dependent on the timing and displacement of exhaust
valve reopening. The movement of the exhaust valve reopening leads
to variation in EGR ratios. Therefore, the effects of the EGR ratio, ethanol
injection timing, and ethanol injection amount are discussed through-
out this study. The same experimental conditions were used to conduct
a comparison between injections of ethanol at the intake and exhaust
manifolds. The in-cylinder combustion analysis was carried out by eval-
uating cylinder pressure, apparent heat release rate, ignition delay,
combustion phasing, and burn duration in the premixed phase as well
as late combustion phase. Engine performance parameters such as indi-
cated mean effective pressure (IMEP), brake specific fuel consumption
(bsfc), indicated thermal efficiency (ITE), and total apparent heat re-
leased per cycle were also evaluated.

For exhaust emissions, the original intent of adding an oxygenated
fuel such as ethanol, as such additions result inmore complete combus-
tion,was to reduce carbonmonoxide emissions. This is a similar effect to
increasing the air available for combustion. However, previous studies
have found that increasing the percentage of ethanol may also increase
HC and CO [22,25]. While all are important considerations for future in-
vestigation, this research focused only on themeasurements of NOx and
soot, as these two pollutants are themost common from diesel engines.

2. Experimental setup

The experimental setup was comprised a four stroke, water cooled,
single cylinder, direct injection automotive size diesel engine. The en-
gine specifications are presented in Table 1, and schematic diagrams
of the experimental setup and measurement system are shown in
Fig. 1a and b. The engine has an 89 mm bore and 100 mm stroke with
a compression ratio of 15. The combustion chamber is a reentrant type
with two intake valves and two exhaust valves. One of the exhaust
valves was replaced with an optical access quartz window.

The intake and exhaust valves operated according to a hydraulic var-
iable valve actuating system. TheVVA system is operated independently
from the engine, and consists of a two hydraulic actuators. One of these
is connected to the exhaust valve, while the other is connected to intake
valves. The oil pressure was supplied to the two hydraulic actuators at
16MPa from the same oil pump. A pressure accumulatorwas placed be-
tween the hydraulic actuators and the oil pump to absorb pressure
pulsation.

Fig. 1d shows a schematic diagram of the VVA control system. This
system consisted of servo valves, a servo amplifier, a laser displacement
sensor, a FPGA board (PXI-7854R), and LabVIEW software. The values of
the valve timing and displacement were defined using this software.
The driving signal was sent from the analog input and output board
(ADA16-8/2) to the servo amplifier to amplify the valve event data.
The servo valves then directed the position of the hydraulic actuators



Table 1
Engine specifications.

Items Specifications

Number of cylinders 1
Bore [mm] 89
Stroke [mm] 100
Compression ratio 15:1
Combustion chamber Reentrant type
Injection system Common rail injection system
Injection nozzle 8 holes, ϕ = 0.158 mm
Intake system Supercharged
Valve train Hydraulic variable valves

Two intake valves and one
exhaust valve

Ethanol injector Commercial gasoline direct
injector

Intake valve lift 8 mm
Intake valve open 14° CA before top dead center
Intake valve closed 30° CA after bottom dead center
Intake valve open duration 224° CA
Exhaust valve lift 8 mm
Exhaust valve open 39° CA before bottom dead

center
Exhaust valve closed 5° CA after top dead center
Exhaust valve open duration 224° CA
Exhaust valve re-open lift (for EGR and ethanol
injection)

3 mm (10% EGR) – 4 mm (25%
EGR)

Exhaust valve re-open 20° ATDC
Exhaust valve re-close BDC
Exhaust valve re-open duration 160° CA
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and, subsequently, the intake and exhaust valves. The laser displace-
ment sensor was installed on the top of the hydraulic actuators to
measure the valves lift profiles in the real time and provide feedback
to the servo amplifier controlling valve displacement.
Fig. 1.The diesel engine test system: (a) Experimental systemoverview. (b) Schematic diagram
(d) Schematic diagram of the variable valve actuating system and injection control systems of
The output timing of the driving signal was synchronized with the
engine crank angle (CA). The valve displacement and piston position
were detected to prevent valve and piston collision. The valve drive sys-
tem was tested at different engine speeds and was shown to run stably
up to engine speeds of approximately 2000 rpm. Internal EGR was en-
abled by re-opening the exhaust valve during the intake stroke (by de-
fining the re-opening timing and displacement in the control software)
to introduce the exhaust gases back into the engine cylinder. The valve
timing and displacement data are provided in Table 1, including exhaust
valve re-opening data for the internal EGR and equal EGR ratio for each
displacement.

The engine is equippedwith an electronically controlled Bosch com-
mon rail fuel injection system. This common rail system, capable of
exerting 120 MPa rail pressure, is connected to a solenoid fuel injector.
The solenoid fuel injector has eight holes, each 0.158 mm in diameter,
and was mounted on the center of the cylinder head. The fuel injection
pressure, timing, and duration were independently controlled using an
electronic injection controller. The injection pressure was held nearly
constant throughout the injection period.

Fig. 1d shows a schematic diagram for injection control system. The
ethanol injection control system used in this study consisted of an engine
control unit, signal source (FPGA PXI-7854R with analog input and out-
put board ADA16-8/2), and LabVIEW software. For each ethanol injection
condition, the injection duration (ranging from 2.5 ms to 10 ms) and
injection timing were defined using LabVIEW software. The signal was
sent from software to the ECU, controlling adjustments of the pulse
width according to the desired ethanol quantity and start of injection
(SOI) timing. An injection quantity test was performed to determine
the ethanol injection quantity as a function of injection duration.

For the actual, physical ethanol injection, an electronically controlled
commercial gasoline direct fuel injector was mounted on the exhaust
manifold. The ethanol injector was installed facing the exhaust port,
of the experimental setup andmeasured parameters. (c) Picture of the experimental setup.
diesel and ethanol.



Table 2
Specifications of measuring instruments.

Measured parameter Instrument Measuring range Resolution Accuracy

NOx concentration MEXA – 720 NOx 0–3000 ppm 1 ppm ±30 ppm or within ±3% of reading scale
Soot concentration Sokken GSM-3 1–4000 mg/m3 0.01 mg/m3 ±5% of reading
Intake pressure Kyowa PHS-B-500Kp 0–500 kPa – ±0.2% of reading
Exhaust pressure PE-2KRMT 0–200 kPa – ±1% of reading
Cylinder pressure Kistler 6123

with charge amplifier Kistler 5011
0–300 bar b0.0005 bar ±1%

Air mass flow rate Laminar air flow LFE-10B 0–15 L/s – b±1% FS
Fuel mass flow rate ONO Sokki gravity flow meter FX-202P with FX 3400 0 to 10 g/s 0.001 g/s ±0.5% of reading ±0.01% FS

37M. Nour et al. / Fuel Processing Technology 164 (2017) 33–50
and fuel sprays were directed toward the valve top surface. The ethanol
supply system consisted of a fuel tank, fuel pumpwith pressure regulat-
ing valve, pressure sensor, port fuel injector, and injector control sys-
tem. The ethanol was delivered to the port fuel injector at pressures
up to 2 MPa using the ethanol fuel pump.

Two methods were used to measure diesel fuel injection quantity.
First, the common rail system was operated to allow the injector body
temperature to rise to the normal operating conditions, at which point
the mass of injected fuel was measured for each of 200 consecutive in-
jections performed. The injector was fixed tightly in the fuel container
to prevent evaporated fuel from leaking. For the second technique, the
Zeuch method was used to perform an injection rate test for fuel injec-
tion quantity as described by Munsin et al. [37].

The single cylinder engine experienced pressure fluctuations in both
intake and exhaust pipes. Tominimize these fluctuations, a 100-liter ca-
pacity surge tank was installed upstream of the intake air. However,
supercharged tests showed the surge tank was unable to absorb these
pulsations whereas the same surge tank supplied a surge balloon
(which attaches to the intake and exhaust pipes) successfully reduced
fluctuations. The engine is equipped with a supercharger driven by an
independent electrical motor. The engine is coupled with a dynamome-
ter (Yokogawa) used for starting the engine, motoring, absorbing out-
put power, and controlling constant engine load and speed. The
maximumabsorption power of this systemwas 15 kW (maximumvolt-
age and current are 220 V and 68.2 A). The dynamometer is equipped
with a load cell to measure engine torque.

Fig. 1b shows a schematic diagram of the experimental setup and
measurement system. Fig. 1c shows a picture of the experimental sys-
tem. Specifications of the measurement instrumentation including
measuring range, resolution, and accuracy are listed in Table 2. Cylinder
pressure was measured using a piezoelectric pressure transducer
(Kistler 6123) with charge amplifier (Kistler 5011) at a resolution of
0.144° CA. The intake pressurewasmeasuredusing a pressure transduc-
er (Kyowa PHS-B-500Kp) installed on the intakemanifold. Contrasting-
ly, a water-cooled pressure transducer (Kyowa PE-2KRMT) was used to
measure the exhaust pressure at high exhaust temperatures.

Several K-type thermocouples were installed at various points
throughout the piping to monitor the intake air, exhaust, lubricant oil,
and temperatures of cooling water. The lubricant oil and cooling water
circulations were controlled by oil and water pumps operating
Table 3
Experimental conditions.

Engine speed [rpm] 1000
Fuel injection pressure [MPa] 100
Fuel injection amount [mg/cycle] 32
Fuel injection timing [ATDC] −6
Intake air temperature [°C] 65 ± 2 °C
Cooling water temperature [°C] 85 ± 2 °C
Lubricating oil temperature [°C] 70 ± 2 °C
Intake valve lift [mm] 8
Exhaust valve lift [mm] 8
Exhaust valve reopen lift [mm] 3 (10% EGR), 4 (25% EGR)
Equivalence ratio for the reference diesel fuel case 0.73
IMEP for the reference diesel fuel case [MPa] 0.86
independently off the engine. Heaters and thermal controllers were
used with thermocouples to control temperatures of the intake air,
cooling water, and lubricant oil.

Diesel fuel flow ratewasmeasured using a gravityflowmeter of Ono
Sokki FX-202P with FX 3400 type. The air mass flow rate was measured
by a laminar air flow meter (Sokken LFE-10B), installed just before the
surge tank. An electronically controlled pressure regulating valve was
mounted on the intakemanifold to control the desirable boost pressure.
Similarly, an exhaust pressure regulating valve was installed so that the
exhaust pressure and controlling the internal EGR ratio could be
boosted.

A rotary encoder (Nikon RD5000) was connected to the crankcase
camshaft, producing 5000 pulses per revolution. Additionally, a
photosensor (Omron EE-spx401) was attached to the flange of the
crankcase camshaft to produce one pulse per revolution. Pulses from ro-
tary encoder and the photo sensor were necessary for both recording
cylinder pressure data and controlling the timing of diesel fuel injection,
ethanol injection, andvalves. The software and FPGA system, dependent
on signals from the rotary encoder and photosensor, were used tomon-
itor the system and acquire data.

The exhaust gases were sampled immediately after the exhaust
manifold to measure NOx, O2, and soot concentrations. A smoke meter
(Sokken GSM-3) was used for soot concentration measurement. The
soot sampling line was heated up to 200 °C to prevent soot condensa-
tion. The NOx sensor (Horiba, MEXA-720), installed on the exhaust
manifold, provided reliable measurements of the NOx concentration
(range 0–3000 ppm, resolution 1 ppm and accuracy of ±3% of reading
scale).
3. Experimental conditions

Table 3 presents the experimental conditions, and Table 4 shows the
properties of ethanol and diesel fuel. The current study used absolute
ethanol, and the engine speed was controlled at 1000 rpm for all tested
conditions.

The combustion process and combustion phasing are influenced by
the temperatures of intake air, cooling water, and lubricating oil.
Given this, the following controlled temperatures were established: in-
take air at 65± 2 °C, coolingwater at 85± 2 °C, and lubricating oil at 70
± 2 °C. The main purpose of temperature control at these values was to
achieve conventional diesel combustion conditions with high soot
concentration.
Table 4
Fuel properties [24,38–40].

Diesel Ethanol

Specific gravity [kg/m3] at 15.5 °C 0.84 0.785
Viscosity [cP] at 20 °C and 1 atm 3.35 1.2
Molecular weight 170 46.07
Higher heating value [kJ/kg] 46,100 29,700
Lower heating value [kJ/kg] 43,200 26,900
Heat of vaporization [kJ/kg] 270 840
Cetane number 50 8
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The diesel injection timing was fixed at −6° ATDC to control com-
bustion near to the TDC. The value −6° ATDC was selected to achieve
a fast combustion process, reducing the impact of cyclic variations on
engine performance and achieving high IMEP. Additionally, early diesel
injection timings such as −13° ATDC or before cause severe knocking,
while the advanced injection timings such as 1° ATDC lead to misfires,
as reported by Padala et al. [24].

The diesel fuel injection quantity was fixed at 32 mg/cycle,
corresponding to 1100 μs at an injection pressure of 100MPa, to achieve
conventional diesel combustion conditions. Lower diesel fuel injection
quantities have lower equivalence ratios and form a homogenous mix-
ture with air, at which time the combustion process occurs at premixed
phase without late combustion phase. These conditions would result in
a combustion process similar to premixed charge compression ignition
(PCCI) combustion, which we intended to avoid in favor of more
conventional conditions.

The measured parameters in this study were EGR ratio, ethanol in-
jection timing, and ethanol injection amount, as indicated in Table 5.
The tested EGR ratios were 10% (EGR10) and 25% (EGR25). Ethanol in-
jection timings of 350°, 400°, and 450° were investigated and adopted
with valve timing as shown in Fig. 2. The exhaust valve reopening
timing and displacement are important factors affecting ethanol injec-
tion into the exhaust manifold.

Fig. 2 shows the ethanol injector reference signals and valve timings
at tested ethanol injection timings. The higher peak represents the
exhaust valve lift at 8 mm during the exhaust stroke, and the small
peak is the exhaust valve reopening at 4 mm during the intake stroke.
Ethanol injection timing is represented by the injector reference signal.
For ethanol injection timing of 350°, the ethanol SOI is before the
exhaust valve reopens, and the end of injection (EOI) is just after the ex-
haust valve reopens. The 400° ethanol injection timing in Fig. 2b shows
that the SOI is after the exhaust valve reopening and the EOI is during
the exhaust valve full opening. 450° ethanol injection timing starts as
the exhaust valve full opens and ends before the exhaust valve closes.
All tested ethanol injection timings were performed during the opening
of the intake valve.

Ethanol injection is additionally influenced by the position and angle
of the injector on the exhaust manifold. For this study, the injector
position was fixed approximately 0.2 m from the exhaust valve at
a 45° angle. The tested ethanol injection amounts ranged from
Table 5
Experimental program.

Tested condition

EGR
ratio
[%]

Ethanol injection
amount
[mg/cycle]

Diesel injection
amount
[mg/cycle]

Total
per c

Effect of internal EGR 10% – 32 1382
25%

Effect of ethanol injection timing 10% 11 32 1678

25%

Effect of ethanol injection amount 25% 1.2 32 1414
3.8 1484
4.8 1511
11 1678
22 1974

Comparison between intake and
exhaust manifold ethanol
injection

25% 11 (intake
injection)

32 1678

11 (exhaust
injection)
22 (intake
injection)

1974

22 (exhaust
injection)
1.2 mg/cycle to 22 mg/cycle, as shown in Table 5. The results of these
ethanol injections were compared to EGR without ethanol injection as
well as conventional diesel combustion without EGR. An additional
comparison between ethanol injection at the same experimental condi-
tions into the intake manifold and exhaust manifold is conducted in the
last section of this paper. The ethanol injection amounts and energetic
fractions for all tested conditions are provided in Table 5.

4. Methodology

The IMEP was used as a measure of output power. It is considered a
valuable measurement of an engine's capacity to do work independent
of engine displacement. The IMEP is defined in Eq. (1) as the indicated
work divided by the displacement. It is calculated via trapezoidal inte-
gration of the cylinder pressure and volume in the expansion stroke
for each cycle as follows:

IMEP ¼ ∫pdV
Vdisplace

ð1Þ

where p is the cylinder pressure, V is the cylinder volume, and Vdisplace is
the cylinder displacement volume.

Cylinder pressure data was sampled every 0.144° CA (2500 sample
from −180 to 180). For each experimental condition, 200 consecutive
cycles were sampled and averaged. The average cycle was used to
represent the cylinder pressure and apparent heat release rate, as illus-
trated in Fig. 3a and b. The 200 cycles shown in Fig. 3 represent conven-
tional diesel combustion at 1000 rpm and a load of 0.86 MPa IMEP.

Heat release rate peaks vary from cycle to cycle in the premixed
combustion and diffusion phases, as does the burning duration. The
magnitude of these variations depends on the speed of burning in the
combustion chamber, cyclic cylinder fuel, and air charging variations.
The maximum cylinder pressure varies proportionally. When
compared, cycles with longer ignition delay have a higher peak of heat
release rate in the premixed combustion stage and a lower peak in the
diffusion combustion stage than those with shorter ignition delay
cycles. In addition, cycles with longer ignition delay have a shorter com-
bustion duration and higher cylinder pressure peaks. The magnitude of
changes in maximum cylinder pressure, combustion phasing, and the
timing of burning process is dependent on these cyclic variations.
Fuel energy
ycle [J/cycle]

ethanol energetic
fraction per cycle
[%]

Timing of ethanol injection
into exhaust manifold [0–720°
CA] Symbol

.4 – – EGR10
EGR25

.3 17.6 350° E11EGR10-350
400° E11EGR10-400
450° E11EGR10-450
350° E11EGR25-350
400° E11EGR25-400
450° E11EGR25-450

.68 2.3 400° E1.2

.62 6.9 E3.8

.52 8.5 E4.8

.3 17.6 E11

.2 30.0 E22

.3 17.6 400° E11-In

E11-Ex

.2 30.0 E22-In

E22-Ex



Fig. 2. Ethanol injector reference signal and valve timing at different ethanol injection timing (a) 350° (b) 400° (c) 450°, intake and exhaust valve lift = 8 mm, exhaust valve
reopening lift = 4 mm.
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The cycle-to-cycle variation was evaluated by calculating the coeffi-
cient of variance (COVimep) at each experimental condition according to
Eq. (2). Furthermore, the stability of engine operation was assessed by
calculating COVimep, which is defined as the ratio of the standard devia-
tion in IMEP and the mean IMEP over the sampled cycles [41].

COV ¼
∑ IMEPaverage−IMEPij

��
n

IMEPaverage
� 100 ð2Þ

where n is the number of samples.
The acceptable level of load variation was somewhat subjective, but

typically taken to be a COVimep b 4% in accordance with literature [41].
Fig. 3. An average cycle of the conventional diesel combustion that was used to
Fig. 3a shows an example of the average cycle used to represent the
data obtained from 200 cycles, where the COVimep = 0.8%.

Cylinder pressure was analyzed using the AHRR, calculated from the
measured pressure data and the cylinder volume according to Eq. (3)
[38]:

dQnet

dθ
¼ 1

κ−1
V
dP
dθ

þ κ
κ−1

P
dV
dθ

−
PV

κ−1ð Þ2
dκ
dθ

ð3Þ

where Qnet is the apparent rate of heat release, and κ is the specific heat
ratio.

The value of the specific heat ratio (κ) is dependent on gas temper-
ature, and was calculated as a function of average gas temperature (T)
represent the 200 cycles with COVimep = 0.8% (a) p-θ diagram (b) AHRR.
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using Eq. (4):

κ ¼ 1:386þ 1:776� 10−4T−5:293� 10−7T2 þ 4:004
� 10−10T3−9:932� 10−14T4 ð4Þ

The above equation is an approximation formula based on
thermophysical property values [1,38] that can be obtained also from:

κ ¼ cp Tð Þ=cv Tð Þ

where cp and cv are the gas specific heat under constant pressure and
volume, respectively. The polynomials of cp and cv can be obtained
from thermodynamic tables of gases [1,38].

Combustion phasing is determined by CA03, CA50, and CA90. CA03
is the crank angle at which 3% of the total heat is released, as illustrated
in Fig. 4a. Similarly, the CA50 and CA90 are defined as the crank angle at
which, respectively, 50% and 90%of the total heat has been released. The
total heat release amount was calculated according to Eq. (5). The CA03
calculationwas used as an indication of the start of the combustion pro-
cess as well as ignition delay estimation. Ignition delay is defined as the
time interval between the start of injection (SOI) and the start of com-
bustion (SOC). The start of injection can be defined as the time that volt-
age is supplied to the injector (start of energizing). The injector used in
the current study has approximately 700 μs injection delay, shown in
Fig. 4b to be equivalent to 4.2 CA degrees at 1000 rpm.

The start of combustion is identified differently throughout relevant
literature. The SOCwas defined as the crank anglewhen theheat release
reaches 0 J after diesel evaporation phase by Sarjovaara et al. [22]. Liu et
al. [42] defined the start of combustion as CA05, while it was defined as
CA10 by Dempsy et al. [41], Padala et al. [24,43], and Tutak et al. [21]. In
previous definitions, SOC can depend on crank angle when the heat re-
lease reaches either 0 J or 10% of the total heat released. These different
definitions are primarily the result of past attempts to ensure complete
evaporation of the diesel fuel and start of the chemical reaction at the
selected time. Since the current study uses the waste heat recovery
strategy to increase the in-cylinder temperature and enhance fuel evap-
oration, the start of combustion is defined here as CA03 for amore accu-
rate calculation of ignition delay.

The duration between CA03 and CA50 shows the burn duration for
the premixed combustion stage [21,24]. The CA50 determines the end
of premixed combustion phase and the start of the late combustion
stage. The CA90 indicates the end of the combustion process [41]. The
late combustion phase duration is determined to be the duration
Fig. 4. Combustion phasing and start of injection signal (a) definition of
between CA50 and CA90 [21,24].

Qnet ¼ ∫θθIVC
dQnet

dθ

� �
dθ ð5Þ

The final result, a description of engine performance, was calculated
using initialmeasurements of variables such as cylinder pressure and air
flow rate. The levels of uncertainty in engine performance parameters
such as bsfc and IMEP are due to the acceptable error levels in the initial
measurements. A quantitative estimation of the uncertainty levels in
engine performance parameters was calculated following the method
proposed by Kline and McClintock [44] and Holman [45], using Eq.(6).

R ¼ R x1; x2; x3…; xnð Þ

wR ¼ ∂R
∂x1

w1

� �2

þ ∂R
∂x2

w2

� �2

þ…þ ∂R
∂xn

wn

� �2
" #1=2

ð6Þ

where R, the calculated engine performance parameter under consider-
ation, is a function of the measured independent variables x1, x2, … xn.
The uncertainty in the final result (wR) is calculated using Eq. (6) with
w1,w2,…wn defined as the uncertainties in themeasured independent
variables. The uncertainty in the measurements of IMEP, bsfc, ITE and
engine speed were found to be 1%, 1.6%, 0.7% and 0.28% (±3 rpm), re-
spectively. For each experimental condition, 200 samples were taken
for 200 consecutive cycles. The average value of these obtained results
is used to describe variation in engineperformance, presented in the fig-
ures shown in the results and discussion section. Error bars were added
to the figures to show maximum and minimum values of the 200
samples.

5. Results and discussion

5.1. Effect of internal EGR ratio

The main aim of injecting ethanol into the exhaust manifold was to
eliminate the ethanol's endothermic effect. The introduction of ethanol
to the engine cylinder following initial injection into exhaust manifold
involves some of the exhaust gases. This system provides a measure of
waste heat recovery, in which the part of exhaust enthalpy is used to
evaporate ethanol and returned to the combustion chamber, enhancing
combustion in the next cycle. This section primarily investigates the
effect resulting from EGR without ethanol injection to distinguish
between the EGR effect and ethanol addition effect in next sections.
CA03, CA50, and CA90 (b) start of energizing and start of injection.



Fig. 5. Effect of different EGR ratios on combustion: (a) Cylinder pressure and AHRR; (b) Combustion phasing CA03, CA50, and CA90.
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The exhaust valve can lift 3mmor 4mm to reopen during the intake
stroke,which respectively correspond to 10% EGR (EGR10) and 25% EGR
(EGR25) ratios. Fig. 5 shows themeasured cylinder pressure, AHRR, and
combustion phasing at different EGR ratios. The cylinder pressure de-
creases with increasing EGR ratios, as shown in Fig. 5a. Compared to
conventional diesel combustion, the peak cylinder pressure declined
by 6.5% for EGR10 and by 13.6% for EGR25. This can be attributed to
the fact that increasing EGR ratio decreases the incoming concentration
of O2, which in turn decelerates O2 and fuel mixing and resulting in an
extension of the flame region. Thus, the quantity of CO2 and H2O gases
that absorb released heat increases as a result of lower flame tempera-
ture and AHRR, as illustrated in Fig. 5a. The relation can be drawn that
increased amounts of H2O andCO2will raise the inlet heat capacity, con-
currently decreasing gas temperature during combustion.

Further comparison showed that the AHRR during the premixed
combustion phase decreasedwith EGR compared to conventional diesel
combustion. However, increased AHRR was seen in the mixing con-
trolled combustion phase as the EGR ratio increased. This is because,
as the EGR ratio increases, the amount of fuel burned in the premixed
phase becomes lower than that burned in the mixing controlled
combustion phase.

The analysis of the AHRR in Fig. 5a and combustion phasing in Fig. 5b
reveals that the ignition delay period increases as the percentage of EGR
increased. The CA03 (an indication of ignition delay) increased with in-
creasing EGR ratios, reaching 2.72° for EGR10 and 3.00° ATDC for EGR25
compared to 2.69° ATDC for conventional diesel. Similarly, CA50 was
5.2° for EGR10 and 5.8° ATDC for EGR25 compared to 4.7° ATDC for
conventional diesel. This is a result of the causal relationship between
increased EGR ratios, lower O2 amounts, and longer ignition delays. It
Fig. 6. Effect of different EGR ratios on engine performance parameters: (a)
can also be shown that combustion ends earlier with increasing EGR
ratios: the CA90 for EGR25 is 14.9° ATDC compared to 16.4° ATDC for
conventional diesel combustion. The earlier completion of CA90 is due
to a lack of O2, resulting in incomplete combustion. This reduces both
the total heat released per cycle and IMEP, as shown in Fig. 6a.

The total heat release decreased by 3% for EGR10 and 16% for EGR25
compared to conventional diesel fuel. Furthermore, the IMEP declined
while EGR ratios increased: IMEP drops by 6% for EGR10 and 21% for
EGR25. Consequently, the bsfc increases dramatically for EGR10 and
EGR25, and the indicated thermal efficiency is also reduced relative to
conventional diesel by 6% and 21% for EGR10 and EGR25, respectively.
These results are shown in Fig. 6b.

The reduction of flame temperature is due to the higher heat capac-
ity of H2O and CO2 as well as the decrease in O2 concentration at the
inlet. Consequently, the decreased fuel mixing efficiency led to reduc-
tions in NOx emissions but increased the soot produced, as shown in
Fig.7. NOx emissions were reduced, respectively, by 52% and 85% for
EGR10 and EGR25. Conversely, soot concentration increased three
times for EGR10 and five times with EGR25 compared to conventional
diesel combustion.

5.2. Effect of ethanol injection timing

The injected amount of ethanol was fixed to 11 mg/cycle, represen-
tative of 17% of the total added heat per cycle as indicated in Table 5.
Ethanol injection timings of 350°, 400°, and 450° were investigated.
With the proper ethanol injection timing and EGR ratios, excellent com-
bustion characteristics and lower soot andNOx emissions can be obtain-
ed. Fig. 8a and b show the cylinder pressure and AHRR for ethanol
Total heat released and IMEP (b) indicated thermal efficiency and bsfc.



Fig. 7. Effect of different EGR ratios on soot and NOx concentrations.
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injection at EGR10 and EGR25, respectively. By injecting ethanol, the
peak cylinder pressure was increased by 1%, 2% and 1.5% for injection
timings of 350°, 400°, and 450°, respectively, compared to EGR10 with-
out ethanol injection. The increase in cylinder pressure was attributed
to the increase in input energy given by injecting ethanol. On the
other hand, the cylinder pressure decreased by 1.5% on average for all
tested ethanol injection timings (350°, 400°, and 450°) at EGR25 as
compared to the same EGR condition without ethanol injection.

EGR25 occurred at 4 mm exhaust valve lift, an opening measure-
ment that should have deliveredmore ethanol into the engine cylinder.
However, when the delivered amount of ethanol is combined with a
high EGR ratio, the effect of ethanol on the cylinder peak pressure is re-
duced. Ethanol injection experiments showed that maximum cylinder
pressure was achieved with an injection timing of 400° CA at EGR10.
Fig. 8a shows that premixed combustion phase AHRR is higher for eth-
anol injection than EGR10 without ethanol injection. This means the
tested ethanol injections increase the amount of fuel burned under
premixed conditions when compared with EGR.

The low cetane number of ethanol contributes to this effect, as etha-
nol injection prolongs ignition delay and gives a longer mixing time be-
tween fuel and air, resulting in a higher amount of fuel burned under
premixed conditions. Additionally, ethanol injection was shown to in-
crease the total heat added per cycle and, consequently, the amount of
fuel burned under premixed conditions in comparison to EGR without
ethanol injection.

For EGR10, the value of CA03was not significantly changed between
EGRwith andwithout ethanol injection. However, at EGR25, ethanol in-
jection increased the ignition delay increases by 0.2° CA. As reiterated in
Table 3, ethanol has a low cetane number (8), and displays both overall
poor ignitability and low autoignition quality relative to diesel fuel.
Previous studies [11,12,18] concluded that ethanol injection increases
the ignition delay. The current study was able to reduce this effect by
vaporizing ethanol before it entered the engine cylinder, reducing
total ethanol evaporation time. Using this technique, ethanol injection
in exhaust manifold gives a similar ignition delay to cases without
ethanol injection.

While combustion duration, shown in Fig. 8cwas reducedwhen eth-
anol was injected at EGR25 without ethanol injection, EGR10 without
ethanol injection did not have the same effect. The shorter combustion
duration at EGR25 is due to the high EGR ratio, resulting in incomplete
combustion. Consequently, soot emission increases at both of EGR10
and EGR25 as shown in Fig. 9. However, under the combined conditions
of injection timing at 350° CA and EGR10, ethanol injection decreased
soot emissions by 68%. At EGR25, the soot emission was decreased by
29% at 400° CA ethanol injection timing. Soot is reduced in these condi-
tions because the addition of oxygenated ethanol fuel enhances soot
oxidation.

Conversely, NOx emission was decreased by 52% for EGR10 and 85%
for EGR25 without ethanol injection. Ethanol injection, increased NOx
emissions by 16% compared to the cases without injection. The in-
creased NOx emissions result from the increased cylinder pressure and
volume of burned fuel in the premixed phase associated with ethanol
injection.

Total heat release is shown in conjunction with IMEP values in
Fig. 10a. It can be seen that the highest IMEP and heat release values
for EGR10 and EGR25 were attained at ethanol injection timing of
400° CA. The increase in added heat value is responsible for these
effects. This effect becomes unclear at high EGR ratios, as can be seen
with EGR25. The bsfc and indicated thermal efficiency are shown in
Fig. 10b for tested conditions. Ethanol injection at 400° CA gives a higher
indicated thermal efficiency and lower bsfc relative to 350° and 450° in-
jection timings for both of EGR10 and EGR25.

As the combustion stability, indicated by COVimep, remained below
1% for all tested conditions it can be determined that ethanol injection
into exhaust manifold has no influence on combustion stability. This
contrasts with literature accounts of intake manifold injection [19].

After evaluating the obtained results, the ratio EGR25 and 400° CA
injection timing were selected to conduct further experiments investi-
gating the effect of different ethanol injection amounts on combustion
characteristics and emissions.
5.3. Effect of ethanol injection amounts

This section discusses the effect of the ethanol injection amount.
Tested ethanol injection amounts were 1.2 mg, 3.8 mg, 4.8 mg, 11 mg
and 22 mg. This varied between 2.5% to 30% of the total added energy
per cycle, as indicated in Table 5. The equivalence ratios of different eth-
anol and diesel fuel conditions are shown in Fig. 11, in which the values
of ϕ range from 0.73–1.25. As stated above, the ethanol injection timing
was fixed at the 400° CA, and EGR ratio was kept constant at 25%.
Fig. 12a shows the cylinder pressure and AHRR. The results indicate
that increasing the amount of ethanol injected corresponds with higher
the cylinder peak pressure.

The peak cylinder pressure increased, respectively, by 0.8%, 1%, 1.5%,
2% and 2.5% for the volumes listed above relative to EGR25without eth-
anol injection. The AHRR in the premixed combustion phase increased
with as the volume of ethanol injected increased. For the mixing con-
trolled combustion phase and late combustion phase, the AHRR was
higher for ethanol injection than EGR25 without ethanol injection. The
combustion phasing for ethanol injection is shown in Fig. 12b. Ignition
delay was similar with and without ethanol injection under the fixed
test conditions. Although ethanol injection prolonged the ignition
delay due to the higher latent heat of vaporization and lower cetane
number [11,12], exhaust manifold injection reduced these effects. This
is a result of the vaporization of injected ethanol prior to entering the
combustion chamber. Therefore, exhaust manifold injection of ethanol
has the advantage of short ignition delay combined with a higher com-
bustion rate in the premixed phase.

It was also seen that combustion ends earlier when ethanol is
injected. The combustion duration is 13.6° CA for conventional diesel
combustion, but decreases to 11.9° CA for EGR25. The combustion dura-
tion decreases with ethanol injection to the following timespans: 9.8°
for 1.2 mg, 10° for 3.8 mg, 9.7° for 4.8 mg, 10.2° for 11 mg, and 10.3°
for 22 mg.

The IMEP and total heat release per cycle are shown in Fig. 13a. In-
creasing injected ethanol leads to an increase in the total heat added
per cycle and consequently increases the heat released and IMEP.
When compared to EGR25 without ethanol injection, the IMEP
increased by 3%, 5%, 4.5%, 6.7% and 8.2% respective to injected ethanol
volumes listed above. Similarly, the total heat released increased by
10%, 13.5%, 11.5%, 14.2% and 14% for these ethanol injection volumes.
Fig. 13b shows that the indicated thermal efficiency is reduced as ethanol
injection timing increases. Similarly, the bsfc is increasedwith increasing
the ethanol injection volumes.



Fig. 8. Effect of various ethanol injection timing and EGR ratios on: (a) Cylinder pressure and AHRR at 10% EGR. (b) Cylinder pressure and AHRR at 25% EGR. (c) Combustion phasing CA03,
CA50, and CA90.
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The soot concentration increased dramatically for EGR25 without
ethanol injection, as shown in Fig.14. Experimental values showed
that soot concentration decreased as the volume of ethanol injected
increased. Soot decreased by 5% for 1.2 mg injected ethanol, 14% for
3.8 mg, 13% for 4.8 mg, 29% for 11 mg, and 27% for 22 mg when
compared to EGR25without ethanol injection. Increasing of ethanol in-
jection volumes also leads to an increase of the OH radicals, promoting
soot oxidation [46].

The generated OH radicals in the flame region react immediately
with soot particles, and burning progresses at the soot surface;



Fig. 9. Effect of various ethanol injection timings and EGR ratios on NOx and soot emissions.
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consequently, soot particles and OH radicals cannot coexist [46]. Con-
versely, NOx emissions increased with ethanol injection relative to
EGR25 without ethanol injection. This is due to a higher AHRR during
Fig. 10. Effects of ethanol injection timing and EGR ratio on: (a) IMEP
the premixed combustion phase that results in higher combustion tem-
peratures. NOx emissions increased slightly as injection volumes in-
creased, with values 7%, 10%, 7.5%, 12% and 14% higher for the
and total heat release (b) indicated thermal efficiency and bsfc.



Fig. 11. Equivalence ratio for the different fuel conditions.
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injection volumes that have been listed relative to the baseline without
injection.

It can thus be stated that ethanol injection improves soot emissions
compared to EGR without ethanol injection, but does not affect the NOx

emission significantly. As a tradeoff, injecting large amounts of ethanol re-
duces the indicated thermal efficiency of the engine and increases brake
Fig. 12. Effect of different ethanol injection amounts on combustion: (a) Cylinder pressure
and AHRR (b) combustion phasing CA03, CA50 and CA90.

Fig. 13. Effect of different ethanol injection amounts on engine performance: (a) IMEP and
total heat release (b) indicated thermal efficiency and bsfc.
specific fuel consumption, as shown in Fig. 13b. Therefore, small volumes
of ethanol can be recommended for injection to reduce soot without af-
fecting the NOx emissions, bsfc or indicated thermal efficiency.

Further experiments were conducted under the same fixed condi-
tions to compare ethanol injection into exhaust and intake manifolds.

5.4. Comparison between intake and exhaust manifold ethanol injection

Ethanol injection into the intakemanifold was comparedwith etha-
nol injection into the exhaust manifold at a fixed EGR ratio of 25%. The
Fig. 14. Effect of various ethanol injection amounts on NOx and soot emissions.
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exhaust port was re-opened with the same value during the intake
stroke in both cases. This means the enthalpy of exhaust gases was con-
trolled in both cases, exhaust and intake port injection, to gives approx-
imately the same energy balance in both cases.

The formulation of fuel mixtures is known to play a crucial role in
combustion and formation of emissions. Consequently, knowledge of
the distribution of fuel, air, and exhaust gases can increase knowledge
of the combustion process. Themain differences between intake and ex-
haust manifold injection were the ethanol vaporization and mixture
formation.

In the case of exhaustmanifold injection, the temperature of exhaust
gases was 350 °C, allowing complete vaporization of ethanol (the re-
ported ethanol boiling point is 79 °C) [47]. Themixture of the vaporized
ethanol and exhaust gases was introduced inside the engine cylinder
with a lake of oxygen, creating a rich fuel condition that gave longer ig-
nition delays and burned in the late combustion phase.

Contrastingly, the upstream injection of ethanol into the intake
manifold at 65 °C leaves ethanol in the liquid phase when it is intro-
duced into the cylinder, where mixing with air that increases the ten-
dency of the fuel blend to burn under premixed conditions with a
shorter ignition delay. Following these observations, combustion analy-
sis showed that ethanol injection in the intake manifold achieves a
higher peak cylinder pressure compared to exhaust manifold injection,
shown in Fig. 15a and b.

The AHRR in the premixed combustion phase for intakemanifold in-
jection is also higher than that of exhaust manifold injection, illustrated
in Fig. 16a and b, which agrees with results available in the literature
[12]. Exhaust manifold injection, however, achieves a higher AHRR in
the mixing control combustion phase compared to intake manifold in-
jection. Additionally, shorter ignition delay for the intake manifold in-
jection relative to exhaust manifold injection indicates rapid burning
of the ethanol-air mixture in the former case, as reported in Fig. 16c.
The method of mixture formation between ethanol, exhaust gases,
and air is the main factor affecting the start (CA03) and duration of
combustion.

In the case of ethanol injection into the exhaust manifold, the ex-
haust manifold temperature ranges from 300 to 350 °C, and injected
ethanol was evaporated and mixed with exhaust gases. During the in-
take stroke, both intake and exhaust valves open by 8 mm and 4 mm,
respectively. The well-mixed charge of evaporated ethanol and exhaust
gases is introduced from the exhaust port while supercharged air is in-
troduced from the intake port. The two start to mix in the cylinder.
Mixing between air and ethanol, in this case, is insufficient and may
take longer to start the combustion process. It is possible this is the
cause of longer ignition delays (higher CA03) seen in exhaust manifold
injection.
Fig. 15. Comparison of measured cylinder pressure between ethanol injection into intake and
injection.
For intake manifold injection of ethanol, the intake manifold tem-
perature was controlled at 65 ± 2 °C. The ethanol was injected prior
to intake valve opening, giving enough mixing time for ethanol and
supercharged air to form a homogenousmixture in the intakemanifold.
During the intake stroke, thismixture is introduced from the intake port
while hot exhaust gases are introduced from the exhaust port. Thus, the
mixing between ethanol and air in intakemanifold injection is sufficient
for the final mixture to be prepared to ignite upon valve opening, and
consequently, a lower CA03 is observed.

The duration from CA03 to CA50 is longer for exhaust compared to
intake manifold injection, as shown in Fig. 16c. This reflects the lower
burning rate for exhaustmanifold injection in the premixed combustion
phase. The combustion duration from CA03 to CA90 was 35.1° for
11 mg/cycle and 26.8° for 22 mg/cycle for intake manifold injection,
whereas exhaust manifold injection showed durations of 10.1° for
11 mg/cycle and 10.3° for 22 mg/cycle. The main reason for the shorter
combustion duration for exhaust manifold injection is the higher AHRR
in the combustion control region.

The IMEP and total heat released per cycle are shown in Fig. 17a. Eth-
anol injection into the exhaust manifold gives a slightly higher IMEP as
compared to intake manifold injection. The total heat released for ex-
haust manifold ethanol injection was greater than that of intake mani-
fold injection by 11% for 11 mg/cycle and 8% for 22 mg/cycle ethanol
injection. This is because ethanol injected into the intakemanifold is va-
porized by the generated heat in-cylinder, leading to a lower measured
heat release per cycle. The bsfc for ethanol injection into exhaust mani-
fold was lower than that of intake manifold injection, as shown in
Fig. 17b. At the same time, the indicated thermal efficiency was higher
with ethanol injection into the exhaust manifold relative to intake
injection.

As for exhaust emissions, Fig. 18 shows the soot and NOx concentra-
tions associatedwith ethanol injection into the intake and exhaustman-
ifolds. The emission characteristics are seen to improve with exhaust
manifold ethanol injection. Comparing exhaust manifold lowered soot
emissions by, respectively, 24% and 53% with injection amounts of
11 mg/cycle and 22 mg/cycle relative to intake manifold injection
under the same conditions. The longer ignition delays allow more
premixing which results in lower soot concentrations [47].

However, mixture formation also plays a crucial role in soot
formation [47]. Burning ethanol in the late combustion phase with
exhaust manifold injection enhanced the soot oxidation and
decreased soot concentrations compared to ethanol burning in the
premixed combustion phase, where it occurs in intake manifold in-
jection. As previously discussed, ethanol burning in the late combus-
tion phase results in increased OH radical concentrations, leading to
the decrease in soot [46].
exhaust manifolds at different ethanol injection amounts: (a) 11 mg injection (b) 22 mg



Fig. 16. Comparison of AHRR and combustion phasing between ethanol injection into intake and exhaust manifold at different ethanol injection amounts: (a) 11 mg, (b) 22 mg, and (c)
combustion phasing CA03, CA50, and CA90.
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The NOx emissions for intake manifold injection were slightly lower
than that of exhaustmanifold injection by 7.5% for 11mg/cycle and 13%
for 22 mg/cycle. This decrease results from the lower combustion tem-
perature of intakemanifold injection due to in-cylinder heat release that
vaporizes the injected ethanol.

As an overall evaluation for the ethanol injection into the intake and
exhaust manifolds, it can be said that the engine combustion character-
istics, performance, and exhaust emissions were improved significantly
with ethanol injection into exhaust manifold relative to intakemanifold
injection.

From the aforementioned discussion on combustion characteristics
of both intake and exhaust manifold injection, it can be summarized
that exhaust manifold injection eliminates the ethanol endothermic
effect and decreases the engine heat losses. Furthermore, exhaust
manifold injection improves combustion timing while shortening the
combustion duration. For engine performance and emissions, the com-
parison between ethanol injection into the intake and exhaust mani-
folds is summarized in Fig. 19. Here, the percentage of reduction or
increase is shown in comparison to EGR25 without ethanol injection.
The highest reduction in soot emissions was achieved using exhaust
manifold injection. Intake manifold injection was seen to increase soot
emissions in the case of E22In. The increase inNOx emissionswas higher
for exhaust manifold injection relative to intake manifold injection.
However, the NOx emission level remained below 200 ppm, which is
lower than conventional diesel combustion by 80%. Both intake and ex-
haust manifold injection techniques are indicated to have the same
thermal efficiency reduction percentage. The total apparent heat release
is higher in exhaust manifold injection than intake manifold injection
due to the elimination of the ethanol cooling effect. Additionally, the
bsfc is improved in exhaust manifold injection.

Several practical questions arisewhendealingwith ethanol injection
into the exhaust manifold. These include the effects of the hot valve on
early ignition of ethanol and the high temperature of the exhaust man-
ifold on the injector operation, aswell as the possibility of ethanol evap-
oration inside the ethanol injector. The autoignition temperature of
ethanol is equal to 366 °C, as reported by Hansen et al. [15]. The exhaust
manifold temperatures monitored during experiment ranged from 300
to 350 °C. Additionally, the oxygen concentration in the exhaust mani-
fold was very low, unlikely to form amixture with ethanol that can eas-
ily autoignite. Given these conditions, early ignition of ethanol resulting
from the heated exhaust valve was not observed. Additionally, the ex-
haust valve profile was monitored during all performed experiments,
and operated smoothly and without variation. The potential effects of
the exhaust manifold temperature, including valves, on the early igni-
tion of ethanol requires further examination and study. The additional
possibility of ethanol evaporation inside the injector requires further in-
vestigation as well.

Aleiferis et al. [48] studied the effect of fuel temperatures (ranging
between 20 and 90 °C) and pressure (0.5 and 1 bar) on the in-nozzle
cavitation and spray formation of ethanol by using a real-size optical in-
jector in direct-injection spark-ignition engines. They concluded that in-
creasing the fuel temperature from20 °C to 50 °Cdid not cause a notable
difference in spray formation or in-nozzle cavitation. At the peak etha-
nol temperature and pressure, 90 °C and 1.0 bar, they cited that defor-
mation in the nozzle occurred due to the reaction of ethanol with the
optical material, resulting in a reduction of the cone angle such that



Fig. 19. Comparison between intake and exhaust manifold injection at 11 mg and 22 mg
ethanol injection showing the reduction in soot and ITE, and the increase in bsfc, IMEP,
total heat release, and NOx.

Fig. 17. Comparisons between ethanol injections into the intake and exhaust manifolds at
different ethanol injection volumes regarding: (a) IMEP and total heat release (b)
indicated thermal efficiency and bsfc.
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ethanol exhibited amore compact spraywith increased cavitation. They
added that at 90 °C, ethanol atomizationwas greatly improved for pres-
sures of 0.5 and 1.0 bar.

The second practical question that has arisen is whether it can be
confirmed that 100% of ethanol amounts injected into the exhaust are
sucked into the engine cylinder. The experimental results of this study
were instead focused on showing the effects of different ethanol injec-
tion amounts on combustion. Variations in engine performance and
combustion were detected with the change in the quantity of ethanol
Fig. 18. Comparison between ethanol injection into intake and exhaust manifold
regarding the emitted NOx and soot concentrations.
injected, thereby confirming that ethanol injected into exhaust mani-
fold is at least in some part sucked inside the cylinder. However, further
investigation will be required to accurately identify the amount that is
introduced in-cylinder comparative to any amounts that escape in the
exhaust system. Additionally, further studies are needed to investigate
the process of exhaust manifold injection and extend the investigation
to include several fuels in various engine operating loads and speed.

6. Conclusions

In thepresent study, ethanol injection into the exhaustmanifoldwas
investigated in dual fuel combustion using a single cylinder diesel en-
gine. Ethanol was injected into exhaust manifold while diesel fuel was
directly injected in-cylinder. The purpose of this injection strategy was
to utilize the enthalpy of exhaust gases to vaporize ethanol prior to com-
bustion, reducing soot and NOx emissions without decreasing the com-
bustion temperature.

Experiments were carried out at varying ethanol injection timings,
volumes, and EGR ratios. Furthermore, ethanol injection into intake
manifold was compared to ethanol injection into the exhaust manifold
under otherwise constant experimental conditions. Engine operating
conditions such as engine speed, intake temperature, coolant tempera-
ture and lubricating oil temperature were controlled at fixed values for
all tested conditions. The following conclusions can be drawn from the
results:

• Ethanol injection into the exhaust manifold was tested at a fixed eth-
anol volume, 11 mg/cycle, and selected ethanol injection timings of
350°, 400°, and 450°. These results were compared to EGR without
ethanol injection. The peak cylinder pressure increased by up to 2%
with ethanol injection, and the highest cylinder pressure was attained
at 400°. Ethanol injection also increased the AHRR in the premixed
combustion phase, implying the amount of fuel burned under
premixed conditions was greater with ethanol injection. The ignition
delay increased by 0.2° CA for ethanol injection, a result of ethanol's
low cetane number and poor autoignition properties. The emitted
NOx concentrations were reduced by up to 16% at 350° injection
timing and 25% EGR. The soot concentration was decreased by 68%
for ethanol injection at 10% EGR and 29% at ethanol injection timing
of 400° and 25% EGR.

• The effect of ethanol injection volumewas tested with multiple injec-
tion amounts ranging between 1.2 mg/cycle and 22 mg/cycle. It was
found that themore ethanol that was injected, the longer the ignition
delay and the higher the AHRR at premixed combustion phase be-
came. Increasing the amount of injected ethanol also increased the
total heat release by 14% and IMEP by 8% relative to EGR without
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ethanol injection. Soot concentrationswere reduced by 29% at an eth-
anol injection volume of 22 mg/cycle. However, NOx emissions were
increased by 14% under these conditions. It was also found that in-
creasing the amount of the injected ethanol reduces the combustion
efficiency. Therefore, only a small quantity of ethanol is recommended
for soot reduction without affecting combustion efficiency.

• To compare between the injection of ethanol at the intake and ex-
haustmanifolds, experimental conditionsweremaintained as equally
as possible. The same exhaust valvewas openedwith the same timing
(during intake stroke) for both cases, which means it is reasonable to
assume EGR ratio and energy balance were equal for both cases. For
exhaust manifold injection, the mixture of the vaporized ethanol
and exhaust gaseswas introducedwith a lake of oxygen inside the en-
gine cylinder, leading to a rich fuel condition that gave longer ignition
delays and burned during the late combustion phase. Conversely, the
upstream injection of ethanol into the intake manifold at 65 °C leaves
ethanol in the liquid phase, and sufficiently mixed with air, when it is
introduced into the cylinder that the tendency of the mixture to
burned under premixed conditions increases with a shorter ignition
delay. Ethanol injection into the exhaust manifold gives a higher
IMEP compared to intake manifold injection. Additionally, the total
heat released for ethanol injection into exhaust manifold was greater
than that of intakemanifold injection by 11% given the same injection
quantity. Exhaust manifold injection lowered soot emissions by up to
53% compared to injection into the intakemanifold, but theNOx emis-
sions for intakemanifold injection were lower by up to 13%. Although
the waste heat of exhaust gases was used for both cases, only intake
manifold injection experienced the standard ethanol cooling effect.

Comparing the ethanol injection strategies used in previous studies,
such as intake port or direct injection, exhaust manifold injection is an
effective method for enhancing ethanol vaporization prior to entering
the combustion chamber and reduces the long ignition delay. This
new proposed method also enhances ethanol burning in the late com-
bustion phase, improving the soot oxidation. Additionally, a combina-
tion of ethanol injection, high EGR rate, and late fuel injection timing
enabled low-temperature combustion in diesel engines. Such tech-
niques can simultaneously reduce soot and NOx emissions while also
improving the engine efficiency.
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