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Abstract: Injection timing variations have a significant effect on the performance and pollutant
formation in diesel engines. Numerical study was conducted to investigate the impact of injection
timing on engine performance and pollutants in a six-cylinder turbocharged diesel engine. Diesel
fuel with different amounts (5%, 15%, and 25% by volume) of n-butanol was used. Simulations were
performed at four distinct injection timings (5◦, 10◦, 20◦, 25◦CA bTDC) and two distinct loads of brake
mean effective pressure (BMEP = 4.5 bar and 10.5 bar) at constant engine speed (1800 rpm) using the
GT-Power computational simulation package. The primary objective of this research is to determine
the optimum injection timing and optimum blending ratio for improved efficiencies and reduced
emissions. Notable improvements in engine performance and pollutant trends were observed for
butanol-diesel blends. The addition of butanol to diesel fuel has greatly diminished NOX and CO
pollutants but it elevated HC and CO2 emissions. Retarded injection timing decreased NOX and CO2

pollutants while HC and CO2 emissions increased. The results also indicated that early injection
timings (20◦CA bTDC and 25◦CA bTDC) lowered both CO2 and unburned hydrocarbon emissions.
Moreover, advanced injection timing slightly improved brake thermal efficiency (BTE) for all engine
loads. It is concluded that retarded injection timing, i.e., 10◦CA bTDC demonstrated optimum results
in terms of performance, combustion and emissions and among the fuels 15B showed good outcome
with regard to BTE, higher heat release rate, and lower pollution of HC, CO, and NOx.

Keywords: bio-fuels; butanol-diesel blend; diesel engine; emission; engine performance;
injection timing

1. Introduction

Diesel engines are alluring because of their high power yield, good fuel transformation proficiency,
relatively low fuel consumption, and high durability [1,2]. Diesel engines are outstanding for their
elevated efficiency and mileage, however, they have gaseous emissions at their exhaust that consist
mainly of nitric oxide and nitrogen dioxide (NOx), CO, and HC which are noxious to human health [3].
There are numerous negative impacts of exhaust emissions discharged from ocean and land vehicles
on human beings and the environment. In order to meet the strict rules and regulations of emissions,
soaring energy demand, and the dwindling of non-renewable fuels a great deal of research has been
directed to upgrade the combustion characteristics so as to maximize engine efficiency, thus reducing
fuel consumption and harmful gaseous emissions.

Significant accomplishments with regard to the improvement of cleaner diesel engines have been
made by ensuing different engine-associated approaches; for example, the utilization of common-rail
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systems, fuel injection control techniques, exhaust gas recirculation, exhaust gas after-treatment,
etc. [4,5]. For the minimization of gaseous pollution, scientists have concentrated their pursuit in the
realm of fuel-associated methods, such as the utilization of substitute fuels, often in fumigated form,
or vaporous fuels of a renewable nature that are ambiance-friendly. Alcohol fuels such as methanol,
ethanol, and butanol, can be used with diesel fuels in different percentage blends for CI engine as
a clean alternative fuel source [6]. Butanol is a workable choice fuel or fuel additive for use in CI
engines and gives various commendable properties compared to ethanol and methanol. It has a
higher cetane number, lower heat of vaporization, higher heating value, no corrosion to pipelines,
and better miscibility and inter-solubility with diesel fuel [7]. Moreover, butanol has higher energy
density than ethanol and methanol [8] and can be mixed with diesel fuel without phase separation [9].
There are three ways in utilizing butanol in diesel engines: butanol-diesel fuel blend [10,11], butanol
fumigation [12,13], and dual injection systems [10].

1.1. Research Background

There are, fundamentally, two major ways of generating butanol: from biomass (bio-butanol) and
from petroleum products (petro-butanol) [14]. The majority of butanol generated today is synthetic and
is obtained from a petrochemical reaction (petro-butanol). Butanol made its way to biotechnological
industrial production by the so-called ABE process, which produces acetone-butanol-ethanol in a ratio
of 3:6:1, by Clostridial fermentation [15].Technological factors hindering bio-butanol production from
fermentation are low butanol yield, a costly recovery stage, and the price of the substrate. Compared
to pure and expensive substrates, such as dextrose, butanol can be produced from lignocellulosic
agricultural wastes, energy crops, or forest residues [16]. According to Alkayam et al. [17] ABE from
lignocellulosic materials (a green energy resource) can be improved through metabolic engineering of
the fermenting yeast (Clostridia) or pre-treatment techniques. One of the main factors influencing
bio-butanol production around the world is the petrochemical industry. Hence, ABE fermentation plant
profitability is closely related to the butanol price and further interconnected with the cost of oil [15].
Koonin [18] stated that biofuels could supply some 30% of worldwide demand in an environmentally
responsible manner without affecting food production. The global n-butanol market size will increase
to 8.3 billion US$ by 2025, from 6.44 billion US$ in 2018, at a compound annual growth rate (CAGR) of
3.7% during the forecast period [19].

Numerous investigations revealed that the utilization of diesel mixed fuels is linked with bettering
performance and decreasing gaseous pollutants. Chen et al. [20] reported that butanol-diesel blends
raised brake specific fuel consumption (BSFC) and BTE. They also found that, at lower loads, CO
pollutants were elevated while NOX diminished with the increasing ratio of n-butanol. In another
study Rakopoulos et al. [21] reported that NOx and CO pollutants were inappreciably diminished,
while the HC pollutants rose with the addition of butanol. They also observed a slight rise in specific
fuel consumption and BTE. Lapuerta et al. [22] showed that hydrocarbon, carbon monoxide, and
fuel consumption increased with the increase of butanol while NOX emissions remained unaffected.
They also observed that the addition of butanol significantly reduced particle emissions. According
to Yusri et al. [23] NOx pollutants were reduced by 73.4% and 11.3% for both low and high speeds,
respectively, when butanol-diesel blends were used. Doğan et al. [9] showed that smoke opacity, NOX,
and CO pollutants decreased while HC increased with the increased addition of n-butanol. In another
study conducted by Yao et al. [24] revealed that n-butanol addition could greatly slash CO pollutants
without a grave impingement on BSFC. The use of butanol in spark ignition (SI) has also been widely
studied. Li et al. [25] reported that butanol-gasoline blends in SI engines lowered the CO, HC, and
NOx emissions while BTE slightly increased. Leach et al. [26] demonstrated that different oxygenates
(ethanol, methanol, and n-butanol) blends with gasoline resulted in diverse particulate matter (PM)
emanations, depending on their stoichiometry. The study with regard to the performance and emission
of butanol in SI engines can be found in [27–30].
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Despite the literature showing that, with respect to diesel fuel, butanol-diesel blends increase HC
emanations [9,31], they decrease PM emissions [32] and soot [31,33]. Alcohols, due to their high oxygen
content (up to 34.3% by weight), can considerably decrease PM emissions [34]. According to Choi et
al. [35] particulate matter decreased by 50% with n-butanol diesel-blends. PM emissions reduction
was also reported by Nayar et al. [36] in their experimental works. Studies by Siwale et al. [31] and Jin
et al. [33] achieved significant drops of greater than 50% in soot emissions with butanol-diesel blends.

For the operation of any diesel engine, the fuel injection system has a paramount impact on
pollutants and the performance of engines [37–39]. In a fuel injection system there are many ways that
affect the amount of NOX emitted, such as injection pressure, injection rate, and injection timing [37,40].
Considerable studies have demonstrated that the injection timing influences the degree of gaseous
pollutants of CI engines. According to Huang et al. [41] advancing injection timing decreased the heat
release rate and cylinder pressure peak value, while NOx and soot pollutants diminished. Shuai et
al. [42] found that advanced injection provided reduced soot, HC, and CO pollutants and higher NOx
than the retarded injection. Algayyim et al. [43] investigated the influence of injector hole diameter
on macroscopic spray behavior of butanol-diesel blends. They concluded that efficient diesel engine
performance can be attained by controlling injection attributes. Zhu et al. [44] concluded that a better
balance between emissions and efficiency can be achieved by combining a higher butanol ratio, high
EGR rate, and early injection timing. Cheng et al. [45] reported that early and late injections decreased
soot emissions due to their long premixed duration and smoke pollutants can be contracted by up
to 70% with the expansion of the n-butanol mixing proportion. Raeie and Emami [46] showed that
advanced injection gives reduced soot and higher NOX pollutants compared to retarded injection.

1.2. Research Objective

As per the studies referenced above, n-butanol can be utilized as a fuel blend in diesel fuel with
no engine adjustment. Additionally, these investigations have shown the impacts of butanol addition
on the performance, pollution, and combustion of different engines with different working parameters.
Although there are many studies on the impacts of n-butanol addition, the study with respect to
the influence of injection timing (IT) using diesel-butanol fuel on performance and emissions is still
scarce. There are a lot of studies in the literature on the effects of injection timing with different
fuel blends, however, to our knowledge, few studies focus on the effects of injection timing using
diesel-butanol fuel. Thus, it is important to conduct a thorough investigation to build understanding
of the impact of IT on combustion, performance, and exhaust pollution of diesel-butanol fuel and assist
engine designers in selecting an optimum injection timing that gives an optimum outcome in terms of
efficiency and emissions.

From the perspective of the above setting, in the current study we investigated the impacts of
injection timing using diesel fuel with 5%, 15%m and 25% (by volume) of n-butanol on the performance
and pollution of a six cylinder turbocharged engine operating at a fixed engine speed (1800 rpm) and
at two distinct engine loads (BMEP = 0.45 MPA and 1.05 MPA). The investigation was conducted at
four different injection timings (10◦CA bTDC, 5◦CA bTDC, 20◦CA bTDC, and 25◦CA). The results
were compared to the baseline original injection timing, i.e., 15◦CA bTDC, and optimum injection
timing in terms of higher efficiency and low emissions is suggested.

1.3. Model Description

The engine used for this study is six cylinders, direct injection, and turbocharged, with a common
rail injection system; the specifications are shown in Table 1, and the engine setup is shown in Figure 1.
The application used in the current work is GT-Power, which is an extensively-used 1D simulation
package for engine modeling and analysis. It is based on one-dimensional gas dynamics, representing
the flow and heat transfer in the pipes and other components of an engine system. It is designed
applicable to all different kinds of internal combustion engines. The engine mentioned above was
modeled by using different blocks and interconnections that represent the engine layout. The following
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input data are required to establish the model: the engine geometric data, the intake and exhaust
valve profiles, the compressor and turbine performance maps, the constants of the engine sub-model
(combustion, heat transfer, and friction), the engine operating point (load/speed), and the ambient
conditions. The engine model included a high-pressure common rail fuel injection system (injector
with eight holes, 0.25 mm diameter, and injection pressure of 2000 bars), a turbocharger unit, an
intercooler unit, and a throttle valve that controls the mass flow rate of the turbocharged cooled air.
The injection system, main engine parameters (engine speed, crank angle and mass flow rate of fuel
and air) were controlled by the engine control unit (ECU). The output results of in-cylinder pressure,
heat release, and temperature were collected. Pressure was recorded by a pressure versus crank angle
data recorder. The pressure sensor is a piezo-electric-based pressure transducer. The signal of the
cylinder pressure is acquired at every 0.6◦ crank angle for 200 cycles. The HC, CO, and NOX pollutants
from diesel and n-butanol-diesel blends fuel combustion were recorded by the emission sensors in
the ECU. The engine speed was set at 1800 rpm, and the load rates (low and high) were chosen,
i.e., 0.45 MPa and 1.05 MPa, respectively. The boost pressures were 1.1 bar and 1.9 bar for BMEP of
0.45 MPa and 1.05 MPa, respectively. A constant engine speed of 1800 rpm was selected to ensure
that the engine maximum torque output. As explained in the introduction there are various methods
involving butanol-diesel dual-fuel operation. In this examination, the butanol-diesel fuel mix method
was used to research the impacts of injection timing. Simulations were carried out initially using diesel
and the three butanol-diesel mixtures at the original injection timing. i.e., 15◦CA bTDC for both given
loads to generate the reference line data, then further simulations were performed by retarding the
injection timing to 10◦CA bTDC and 5◦CA bTDC, and advancing to 20◦CA bTDC and 25◦CA bTDC
under the same working conditions.
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Table 1. Engine parameters.

Engine Parameters Values

Engine Power 298 (kW)
Bore 119 (mm)

Stroke 175 (mm)
Connecting Rod Length 300 (mm)

Total Displacement 11.7 (L)
Cylinder Configuration 6 in-line

Compression Ratio 16.5
Turbocharger 1 unit

Fuel injection nozzle 8 holes
Injection pressure 2000 (bar)

1.4. Butanol as an Alternative Fuel

Butanol is a higher-chain alcohol containing 4 carbon structures [47] and promising renewable
fuel which could be used readily up to higher mixing proportion with diesel in internal combustion
engines [20]. Butanol can be blended into diesel without emulsifiers; it is better in terms of safety
compared to ethanol and methanol [48]. Its relatively high heat of vaporization reduces the combustion
temperature, which could result in a lower dimension of NOx discharges. In addition, it has better
ignition at cold start conditions has low environmental impact and high energy density. It does not
cause cavitation or vapor lock problems in fuel supply systems due to its low saturation pressure [47].
Additionally, the kinematic viscosity of butanol is high due to its four-carbon structure. This results in
good lubricity of the fuel, which is attractive in delicate fuel pump systems in diesel engines [49]. Its
higher oxygen content [21] decreases the formation of soot in diesel engines. It has great miscibility
with diesel. The above mentioned properties make n-butanol an excellent and competitive alternative
fuel for diesel engines.

There are four isomers of butanol based on the location of hydroxyl group and the carbon chain
structure [48,50].All four isomers have the same formulae and similar energy content however they
have different molecular structures that affect their properties [50]. They have different physical
properties [51], such as solubility, density, latent heat of vaporization, and boiling point, as shown in
Table 2. Among the isomers n-butanol has shortest ignition delay [52], it is the most reactive [53] and
has higher laminar velocity [54]. Different butanol isomers exhibit different combustion and emission
characteristics in diesel engines [55]. Based on the research we conducted in our previous work [56]
we selected n-butanol for this study.

Table 2. Properties of butanol isomers [50,51].

Property n-Butanol Iso-Butanol Sec-Butanol Ter-Butanol

Molecular weight (kg/kmol) 74.12 74.12 74.12 74.12
Density (kg/m3) at 15 ◦C 809.7 802 806 789

Self-ignition Temperature (◦C) 385 415.6 406.1 477.8
Lower heating value (MJ/kg) 33.09 33.11 32.74 29.79

Latent heat of evaporation (kJ/kg) 581.4 684 671 511
Flash point (◦C) 37 28 24 Miscible

Water solubility (g/100 mL) 7.7 8 12.75 11

The volume ratios used in this investigation were 5%, 15%, and 25% of butanol with 95%, 85%,
and 75% of diesel fuel, respectively. They are designated as follows: 0B refers to 0% butanol in the
blend; 5B refers to 5% of n-butanol and 95% of diesel by volume; 15B refers to 15% of n-butanol and
85% of diesel by volume; and 25B refers to 25% of n-butanol and 75% of diesel fuel by volume. The
properties of diesel and n-butanol are summarized in Table 3.
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The stoichiometric combustion for n-butanol and diesel is given by [57]:

C4H9OH + 6(O2 + 3.76N2)→ 4CO2 + 5H2O + 22.6N2 (1)

C13.5H23.6 + 19.4(O2 + 3.76N2)→ 13.5CO2 + 11.8H2O + 72.9N2 (2)

Table 3. Diesel and butanol [33,58,59].

Fuel Properties Diesel n-Butanol 5B 15B 25B

Average Molecular
Formula C13.5H23.6 C4H9OH C7.2H12.73O0.065 C7.1H12.81O0.196 C6.81H12.89O0.328

Molecular weight
(kg/kmol) 185.6 74.12 99.909 101.438 99.908

Density @ 20C (kg/m3) 840–880 813 843.46 840.36 837.23
Lower calorific value

(MJ/kg) 42.5 33.1 42.05 41.14 40.22

Heat of vaporization
(MJ/kg) 0.27 0.581 0.285 0.315 0.346

Cetane number 45–55 17 50.7 44.8 43.8
Stoichiometric air fuel

ratio 14.43 11.19 14.27 14.13 13.64

Carbon ratio (wt%) 87.29 64.82 86.21 83.96 81.77
Oxygen ratio (wt%) 0 21.59 1.04 3.13 5.24

Hydrogen ratio (wt%) 12.7 13.5 12.75 12.82 12.90
H/C ratio 1.75 2.5 1.78 1.80 1.89

Flash point (◦C) 85 37 - - -
Kinematic viscosity at

40 ◦C (cST) 3 2.27 2.65 2.53 2.47

Self-Ignition Temperature
(◦C) >250 385 - - -

For the mixture of diesel and butanol in stoichiometric conditions for x molar fraction of butanol
in the blend the reaction can be written as follows:

xC4H9OH + (1− x)C13.5H23.6 + (19.4− 13.15x)(O2 + 3.76N2)

→ (13.5− 9x)CO2 + (11.8− 7.3x)H2O + (72.9− 49.4x)N2
(3)

The viscosity and thermal conductivity of n-butanol in liquid and vapor phases were modeled
using the following [58]:

µL = E.exp

A( C− T
T −D

) 1
3
+ B

( C− T
T −D

) 4
3
 (4)

µV =
ATB

1 + CT−1 + DT−2
(5)

KL = A

1 + B ∗
(
1−

T
Tc

) 1
3
+ C ∗

(
1−

T
Tc

) 2
3
+ D ∗

(
1−

T
Tc

) (6)

Kv =

√
T
Tc(

A + B∗Tc
T + CTc2

T2 + DTc2

T3

) (7)

where µL and µV are the viscosities of butanol at liquid and vapor phase respectively; KL and KV are
its thermal conductivity at liquid and vapor phase; A, B, C, D, and E are empirical coefficients; Tc

is the critical temperature of butanol; and T is the temperature at which the viscosity and thermal
conductivity is calculated.
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2. Results and Discussions

2.1. Numerical Validation

In order to validate our numerical simulations we have used the experimental work conducted
by Lamani et al. [60]. We have built Lamani’s model which is a twin cylinder, four stroke, common
rail direct injection engine which uses butanol-diesel blends (BU0, BU10, and BU20) in GT power
and carried out numerical simulations. Figure 2a–c show the comparisons between the numerical
analysis and experiments for in-cylinder pressure and brake thermal efficiency. We have calculated
some parameters, such as viscosity and thermal conductivity of n-butanol in liquid and vapor phases
and we have also used empirical formulae to calculate the properties of the blends and used them in
the simulation which gave minor inaccuracies. Despite the minor inaccuracies, our simulation results
were in good agreement with the experimental results, thus confirming the accuracy of the model.
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(c) the comparison of in-cylinder pressure between numerical and experimental for BU10 and BU20.

2.2. Combustion Analysis

In-chamber burning of fuels is one of the most crucial processes which influence the evolution of
gaseous pollutants as well as the engine performance and durability [61].

3. In-Cylinder Pressure

In-cylinder pressure fluctuations versus crank angle are shown in Figure 3. Peak cylinder pressure
marginally declined with the increase of butanol ratio. As seen in Table 4, the peak cylinder pressure
occurred at 91.7 bar (at 9.7◦CA aTDC), 90.2 bar (at 9.5◦CA aTDC), 87.4 bar (at 9.4◦CA aTDC), and 84.7 bar
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(at 9.2◦CA aTDC) for 0B, 5B, 15B, and 25B at 4.5 bar of BMEP and 15◦CA bTDC, respectively. The
addition of butanol lowered the cetane number of the blends, and this increased the ignition delay as
more fuel is burned during the premixed burning stage, hence, decreasing the cylinder pressure [4].
Injection timing has a great impact on cylinder pressure. As indicated in Figure 3 for both advanced
and retarded injection timings cylinder pressure increased with an increasing engine load because,
at higher loads, more fuel is injected. This phenomenon gave rise to a higher cylinder pressure. The
results showed that the rise in the cylinder pressure was about 16.4%, 18.2%, 21.5%, and 24.6% for
0B, 5B, 15B, and 25B as the engine load was augmented from 4.5 to 10.5 bar BMEP at 5◦CA bTDC.
Advancing the injection timing (IT) increased cylinder pressure while retarding IT reduced it. As
seen in Figure 3a–d, advanced injection timing (25◦CA) raised the cylinder pressure an average of
29.4% and retarded injection timing (5◦CA bTDC) lowered the cylinder pressure by an average of
30.4% compared to the original injection timing, at 4.5 bar BMEP. Similar trends were observed at high
loads for both advanced and retarded IT. At BMEP = 10.5 bar of engine load and IT of 25◦CA bTDC
maximum cylinder pressure of 142.5, 141.4, 138.9, and 136.1 bar was obtained for 0B, 5B, 15B, and
25B, respectively. As seen in Figure 3 and Table 4, at BMEP = 4.5 bar the peak cylinder pressure was
obtained at 63.7 bar (at 17.5◦CA aTDC), 62.6 bar (at 17.6◦ CA aTDC), 60.7 bar (at 16.8◦CA aTDC), and
59.2 bar (at 15.3◦CA aTDC) for 0B, 5B, 15B, and 25B at retarded IT of 5◦CA bTDC respectively. The
peak pressures occurred earlier with advancing injection timings [62].
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Table 4. Peak pressure.

Injection
Timing Maximum in-Cylinder Pressure/Bar Degrees of CA (CAD)

BMEP/Bar Fuel 5 10 15 20 25 5 10 15 20 25

4.5

0B 63.7 77.2 91.7 105.9 118.7 17.5 13.7 9.7 6.4 3.5
5B 62.6 75.9 90.2 104.2 117.0 17.6 13.0 9.5 6.4 4.0

15B 60.7 73.6 87.4 100.8 113.2 16.8 13.0 9.4 6.0 3.9
25B 59.2 71.6 84.7 97.5 109.2 15.3 12.3 9.2 6.4 3.7

10.5

0B 74.2 89.8 106.9 124.7 142.5 16.6 13.3 10.0 7.7 5.7
5B 74.0 89.4 106.3 123.8 141.4 16.6 12.7 10.0 7.3 5.3

15B 73.7 88.6 104.9 121.8 138.9 15.4 12.0 9.6 7.7 5.7
25B 73.7 87.9 103.3 119.6 136.1 13.3 11.4 9.4 7.4 5.5
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4. Pressure Rise Rate

Pressure rise rate (PRR) as a function of injection timing is indicated in Figure 4. The PRR
diminished with increased ratio of butanol in the mixture at lower loads. As seen in Figure 4, as
compared to 5B the PRR for 15B and 25B decreased by 21.8% and 22.8%, respectively, at 4.5 bar of
BMEP and IT of 5◦CA bTDC. On the contrary, for the same IT, as compared to 5B, the PRR for 15B
and 25B increased by 8.5% and 16.9%, respectively, at 10.5 bar of BMEP. Retarding the injection timing
decreased the PRR while advancing injection timing increased it. As illustrated in Figure 4, retarded
injection timing (5◦CA bTDC) decreased the PRR by an average of 54.8%, while advanced injection
timing (25◦CA bTDC) increased the PRR by an average of 45.4 % compared to the original injection
timing, at 4.5 bar BMEP. Similar results were observed at high load for both advanced and retarded
injection timing.
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5. Heat Release Rate

Heat release rate is a significant gauge of burning efficiency. This specific attribute shows
adjustments in the overall performance, combustion, and pollutant formation. The heat release rate
was simulated according to double Weibe and is given by [63]:

Xb =

1− exp

−a1

(
θ− θ1

∆θ1

)m1+1
+

{
1− exp

[
−a2

(
θ− θ2

∆θ2

)m2+1]}
(8)

where θ is the crank angle, θ1 and θ2 are the start of combustion, and θ1 and θ2 combustion duration
m1, a1, m2, a2, and α are all shape factors. The apparent heat release rate is given by [4]:

dQn

dθ
=

dQcomb
dθ

−
dQht
dθ

=

(
γ

γ− 1

)
P

dV
dθ

+

(
1
γ− 1

)
V

dP
dθ

(9)

where dQcomb and dQht are the heat released by the burning fuel and heat lost to the cylinder walls and
are given by [63]:

dQcomb
dθ

= m f ·LHV·
dxb
dθ

(10)

dQht
dθ

= hgA
(
Tg − Tw

)
(11)



Processes 2019, 7, 299 11 of 30

The ignition delay period was simulated based on the empirical formula developed by Hardenberg
and Hase [4] and is given as follows:

τid(CA) =
(
0.36 + 0.22Sp

)
exp

EA

( 1
RT
−

1
17, 190

)( 21.2
p− 12.4

)0.63 (12)

where Sp is the mean piston speed and R is the universal gas constant, EA is the apparent activation
energy, T and p are charge temperature and pressure during the delay.

Heat release rate as a function of crank angle is displayed in Figure 5. As illustrated in Figure 5,
HRR decreased with the ascent of the butanol ratio in the mixture. As seen in Table 5, the maximum
HRR was obtained at 224.6 J/◦CA (at 4.9◦CA aTDC), 212.8 J/◦CA (at 4.5◦CA aTDC), 190.2 J/◦CA (at
5◦CA aTDC), and 166.9 J/◦CA (at 4.6◦CA aTDC) for 0B, 5B, 15B, and 25B at 4.5 BMEP load and original
IT 15◦CA bTDC, respectively. The lower calorific value of butanol is lower than diesel, which reduces
HRR. Additionally, butanol fuel has a lower cetane number compared to diesel fuel, which results
in a lower cetane number for butanol-diesel blends, and this prolongs the ignition delay, thus, HRR
decreases. As indicated in Figure 5, the HRR curve has two peaks. According Yao et al. [24] early
injection timing shows such a phenomenon known as cool flame and hot flame premixed compression
combustion. Chen [20] explained that such curves with two peaks occur under the maximum-torque
condition due to two-injection strategy. In our study, since we have used the maximum torque, this
could be the reason for the two peak curves. HRR increased with retarded injection timing and
decreased with early IT for all fuel mixtures. The HRR compared to original IT increased by 2.9%,
2.5%, 1.7%, and 0.75% for 0B, 5B, 15B, and 25B, respectively, at 4.5 bar of BMEP and IT 5◦CA bTDC.
However, for the same load conditions HRR decreased by 5.3%, 4.6%, 3.3%, and 2.0% for 0B, 5B, 15B,
and 25B, respectively, at advanced injection timing 25◦CA bTDC, as illustrated in Figure 5. Similar
trends were observed at high loads at both early and late injection timings. Diesel fuel has the highest
heat release due to its higher calorific value in comparison with other fuels [64].

Table 5. Maximum heat release rate.

Injection
Timing Maximum Heat Release Rate/J/◦CA Degrees of Occurrence CA (CAD)

BMEP/Bar Fuel 5 10 15 20 25 5 10 15 20 25

4.5

0B 231.3 229.0 224.6 218.8 212.7 14.4 9.6 4.9 −0.1 −5.0
5B 218.2 216.4 212.8 208.2 203.0 14.4 9.4 4.5 −0.1 −5.4

15B 193.2 192.3 190.0 187.1 183.8 14.5 9.7 5.0 0.1 −4.9
25B 168.2 167.9 166.9 165.3 163.6 14.5 9.4 4.6 −0.3 −4.5

10.5

0B 227.3 225.4 222.8 219.0 214.8 16.6 11.3 6.5 1.7 −2.9
5B 218.9 217.2 214.7 211.3 207.6 16.6 12.0 6.6 1.9 −2.8

15B 202.0 200.1 198.1 195.5 192.9 17.4 12.7 7.7 3.0 −2.4
25B 185.3 183.2 181.3 179.4 177.4 18.8 13.4 8.7 4.0 −1.4
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for 0B, 5B, 15B, and 25B increased by 9.64, 6.89, 2.93, and 3.88%, respectively, and 0B had the highest 
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bar, injection timing 25◦CA bTDC.

6. Cumulative Heat Release (CHR)

The cumulative heat release (CHR) as a function of crank angle for diesel and butanol-diesel
is shown in Figure 6. It was found that at 4.5 bar of engine load the maximum CHR for diesel fuel
operation was 3715 J compared to 3777, 3587, and 3217 J for 5B, 15B, and 25B, respectively, at 5◦CA
bTDC. As seen in Figure 6a, 5B had the highest CHR which was 3715 J (occurred at 23.05◦CA aTDC).
However, for the same engine load when the IT was advanced to 25◦CA bTDC, the maximum CHR for
0B, 5B, 15B, and 25B increased by 9.64, 6.89, 2.93, and 3.88%, respectively, and 0B had the highest CHR,
which was 4074 J (occurring at 4.96◦CA aTDC) as seen Figure 6b. As depicted in Figure 6c,d, at higher
engine loads (10.5 bar) the CHR increased due increased input fuel energy as compared to lower loads.
For the same engine load conditions (10.5 bars), the maximum CHR of 5965 J (for 25B) and 5922 J (for
0B) were found at 5◦CA and 25◦CA bTDC, respectively. The CHR increased with increase in the engine
load due to increased amount of liquid fuel in the combustion chamber.
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The change in cylinder temperature with respect to crank angle is shown in Figure 7. It was 
found that increasing the n-butanol proportion in the mixture lowered the cylinder temperature. As 
illustrated in Figure 7, in comparison to 0B, the cylinder temperature decreased by 4.11%, 15.27%, 
and 24.75% for 5B, 10B, and 25B, respectively, at 4.5 bar BMEP load and IT 5°CA bTDC. Retarding 
injection timing caused a decrease in cylinder temperature for all the fuels at both the given loads. 
The temperature decreased by 3.8%, 3.3%, 4.2%, and 4.9%; for 0B, 5B, 15B, and 25B, respectively, at 
4.5 bar of BMEP and IT of 5°CA bTDC. This is attributed to the large evaporation of butanol that 
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also observed at 10.5 bar BMEP and 5°CA bTDC. However, the cylinder temperature increased for 
early IT for all fuel mixtures. Advancing IT provoked an earlier start of combustion corresponding to 
the TDC. As consequence of this, the chamber charge, being compacted as the piston moved to the 
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butanol has a temperature-lowering effect due to its lower calorific value and its higher heat of 
evaporation, which led to a decrease in cylinder temperature. The higher latent heating value of the 
blends absorbed more thermal heat during evaporation process, hence, reducing the in-cylinder 
temperature. As can be seen in Table 6 as the ratio of butanol increased in the blends the latent heat 
of vaporization of the blends also increased, which decreased the in-cylinder temperature. A similar 
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7. In-Cylinder Temperature

The change in cylinder temperature with respect to crank angle is shown in Figure 7. It was
found that increasing the n-butanol proportion in the mixture lowered the cylinder temperature. As
illustrated in Figure 7, in comparison to 0B, the cylinder temperature decreased by 4.11%, 15.27%,
and 24.75% for 5B, 10B, and 25B, respectively, at 4.5 bar BMEP load and IT 5◦CA bTDC. Retarding
injection timing caused a decrease in cylinder temperature for all the fuels at both the given loads. The
temperature decreased by 3.8%, 3.3%, 4.2%, and 4.9%; for 0B, 5B, 15B, and 25B, respectively, at 4.5 bar
of BMEP and IT of 5◦CA bTDC. This is attributed to the large evaporation of butanol that caused a
higher temperature reduction. Moreover, the addition of butanol reduces the cetane number, which
increases the ignition delay period causing the temperature to decrease. Similar results were also
observed at 10.5 bar BMEP and 5◦CA bTDC. However, the cylinder temperature increased for early
IT for all fuel mixtures. Advancing IT provoked an earlier start of combustion corresponding to the
TDC. As consequence of this, the chamber charge, being compacted as the piston moved to the TDC,
had comparatively higher temperatures. The cylinder temperature increased by 6.01%, 6.65%, 6.77%,
and 7.26% for diesel, 5B, 15B, and 25B, respectively, at 10.5 bar of BMEP and IT of 25◦CA bTDC as
compared to original IT. At early IT, more energy is generated in the course of compression stroke,
which results in an increased cylinder pressure and thus an increased temperature. Generally n-butanol
has a temperature-lowering effect due to its lower calorific value and its higher heat of evaporation,
which led to a decrease in cylinder temperature. The higher latent heating value of the blends absorbed
more thermal heat during evaporation process, hence, reducing the in-cylinder temperature. As can be
seen in Table 6 as the ratio of butanol increased in the blends the latent heat of vaporization of the
blends also increased, which decreased the in-cylinder temperature. A similar decrease in cylinder
temperatures for n-butanol-diesel blends were reported by Rakopoulos et al. [21,65], Swamy et al. [66]
and Xiaobei et al. [45]
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Table 6. LCV and HV of diesel and n-butnol blends. 
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Table 6. LCV and HV of diesel and n-butnol blends.

Fuels Lower Calorific Value (MJ/kg) Heat of Vaporization (MJ/kg)

Diesel 42.5 0.27
n-Butanol 33.1 0.581

5B 42.05 0.285
15B 41.14 0.315
25B 40.22 0.346

8. Diesel Engine Emissions

8.1. Nitrogen Oxides (NOX)

Exhaust gases contain oxides of nitrogen (nitric oxide, NO, and small amounts of nitrogendi-oxide,
NO2 which are collectively known as NOX). The generation of NOx is profoundly reliant on in-chamber
temperatures, the oxygen accumulation, and residence time for the reaction to occur. The most vital
engine parameters that influence NOx formation are ignition delay, infusion timing, inter-cooling,
combustion chamber design, injection rate, and compression ratio [67].

The nitric oxide formation was calculated based on the extended Zeldovich [4] mechanism and
are given by [4,68]:

N + O

k+1
→

←
k−1

NO + N (13)

N + O2

k+2
→

←
k−2

NO + N (14)

N + OH

k+3
→

←
k−3

NO + H (15)
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where k+ and k− are given as follows [4]:

k+1 = 7.6x1013 exp
(
−

38000
T

)
(16)

k+2 = 6.4x109T
[
exp

(
−

3150
T

)]
(17)

k−2 = 1.5X109T
[
exp

(
−

19500
T

)]
(18)

k+3 = 4.1x1013 (19)

k−3 = 2.0x1014exp
(
−

23650
T

)
(20)

NOX pollutants with respect to injection timing are depicted in Figure 8. NOx pollutants of the
butanol blends were lower than those of diesel at both given loads, with the decrease being higher the
higher the content of butanol in the mixture. Compared to 0B, the NOX emission decreased an average
of 69% for the butanol blends at 4.5 bar and 5◦CA bTDC. The increase in butanol ratio has the effect of
prolonging the ignition delay which provides enough time for the fuel to mix with air to form a leaner
mixture resulting in decreased NOx pollution. NOx pollutants diminished with an increasing engine
load. For instance, it was found that NOx decreased by around 23.7%, 25.7%, 21.7%, and 5.3% for 0B,
5B, 15B, and 25B, respectively, as the load increases from 4.5 to 10.5 bar BMEP for IT of 5◦CA bTDC.
Injection timing fluctuations strongly impact NOx pollutions. When the IT was delayed, it was seen
that NOx pollutants shrunk for all fuel mixtures at both low and high loads. As shown in Figure 8, at
4.5 bar of BMEP retarded injection timing (5◦CA bTDC) reduced NOx emission by 49.4%, 61.5%, 76.7%,
and 83.2% for 0B, 5B, 15B, and 25B compared to the original injection timing, respectively. Similar
trends were also observed at high loads. Delaying the IT caused a decrease in cylinder pressure because
more fuel is burned after top dead center (TDC). Lower cylinder pressures resulted in lower cylinder
temperature subsequently; and the level of NOX emission is reduced. Moreover, the lower heating
value of butanol, along with its higher latent heat of vaporization, decreases cylinder temperature
thereby reducing the NOX emissions. There was a noteworthy increment in NOX with advanced
injection timing compared to the original IT. For instance, at BMEP = 10.5 bar and advanced injection
timing (25◦CA bTDC) the NOx pollutant was found to be 1994.1, 1673.1, 875.3, and 248.9 ppm for 0B,
5B, 15B, and 25B, respectively, while at original injection timing 15◦CA bTDC the NOX emission was
found to be 1385.3, 919.7, 256.5, and 39.1 ppm for 0B, 5B, 15B, and 25B, respectively. The rise in NOX

concentration with advanced IT is due to the higher combustion temperature, which resulted in greater
NOX generation in the thermal-NO pathway. The results are in agreement with the finding of Yilmaz
et al. [69] and Rahman et al. [70]. Huang et al. [41] reported that butanol–diesel blends produce lower
NOX at all engine loads compared to diesel. They showed that the addition of up to 30% of butanol
produced lower NOX due to lower LHV and lower combustion temperature. Similar results are also
reported by Chen [71] who found that a higher ratio of butanol decreases NOx because of the higher
heat of evaporation of butanol.
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Figure 8. Variations of NOX pollutants.

8.2. CO2 Pollution

CO2 emission demonstrates the total burning of the fuel. CO2 emission as a function of injection
timing is shown Figure 9. The CO2 emissions for the diesel-butanol mixes were higher compared
to diesel fuel. CO2 pollutants expanded with the expanding of butanol in the mixture. The use of
biofuels permits a higher relative concentration of oxygen to prevail in the burning gases and this
gave way to a higher transformation of CO to CO2 than for diesel fuel [10]. Subsequently, the CO2

pollutants rose. CO2 emissions ascended with the early IT and decreased with the retarded IT for
all fuel blends. As portrayed in Figure 9, the CO2 emissions diminished by 19.1%, 12.7%, 5.7%, and
1.4%, for 0B, 5B, 15B, and 25B at low loads and IT of 5◦CA bTDC, respectively. However, at IT of
25◦CA bTDC the CO2 emissions for 0B, 5B, 15B, and 25B increased by 44.9%, 31.9%, 18.6%, and 10.9%,
respectively. The main reason behind the decrease of CO2 with retarding IT is due to the shortened
ignition delay that causes incomplete combustion, thereby decreasing the CO2.At higher loads the
CO2 for all the fuels increased with advancing and retarding of IT. It was observed that the CO2

pollutants increased with the increasing load, as the engine load was augmented from 4.5 to 10.5 bar
and IT of 25◦CA bTDC, the CO2 emission for diesel, 5B, 15B, and 25B increased by 77.7%, 57.1%, 33.7%,
and 18.8%, respectively. More fuel injection at higher loads, increased combustion temperature and
oxidation rates are responsible for the higher CO2 at higher loads. The results conform to those in the
literature [36,72–74].

8.3. CO Emission

The presence of carbon monoxide in the exhaust gas is a measure of loss in engine power. The
generation of CO happens when the oxygen present amid burning is deficient to form CO2 [4].
Numerous scientists have demonstrated that the expansion of biofuels like ethanol and butanol
diminishes the CO outflows since they have less carbon than diesel fuel and their oxygen content
expands the oxygen to fuel proportion in the fuel abundant zones [75,76]. Carbon monoxide (CO)
emission as a function of injection timing is depicted in Figure 10. The results showed that the CO
emission of butanol-diesel blends were generally lower than that for diesel, with the decline being
higher the higher the proportion of butanol in the blends. This is because of the enhancement of oxygen
attributable to butanol expansion, as expanding the extent of oxygen will advance the oxidation of
CO to CO2. In comparison to the original IT, the increase in CO pollutants was around 5.12%, 5.38%,
5.59%, and 5.56% for 0B, 10B, 15B, and 25B, respectively, at 4.5 bar BMEP load and retarded IT, as
shown in Figure 10. The corresponding CO emissions for diesel (0B), 5B, 15B, and 25B were found
to be 1109, 1044, 906, and 750 g/kW-h, respectively. However, for the same IT when the load was
increased to 10.5 bar of BMEP the CO emission for diesel (0B), 5B, 15B, and 25B were 360.2, 307.9,
195.6, and 74.4 g/kW-h, respectively. The increase of CO with retarding IT timing could be due to
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lesser time for combustion resulting in incomplete combustion of the butanol-diesel blends and the
increase in ignition delay could also be one of the reasons for these results. However, with advancing
injection timing the butanol-diesel blends had enough time to undergo a complete combustion, thereby
reducing the CO emissions. At higher loads when injection timing was advanced and delayed reduced
CO pollutants were noticed for the blends. The results of the CO pollutants concur with those detailed
by Yao et al. [24], as the addition of oxygenated n-butanol markedly diminished CO pollutants. Similar
findings were reported by other researchers [9,65]. Most of the studies [31,36,60] confirm that butanol
addition to diesel decreases CO emissions. However, there are few researchers who reported that the
addition of n-butanol increases the CO emissions due to lower gas temperature in the late expansion
process [77] and the deficiency of air at the fuel rich zone [71].
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8.4. HC Emission

Hydrocarbons are a consequence of deficient burning of hydrocarbon fuel [4]. Figure 11 illustrates
the unburned hydrocarbons (HC) emissions as a function of injection timing. It was found that the HC
emission of the blends were greater than that of diesel fuel, with the rise being greater the greater the
ratio of butanol in the mixture. The reason behind the expanded HC emanations with the expansion of
butanol is because of the higher heat of evaporation of the butanol mixes causing slower evaporation
and slower and poorer fuel-air mixing, which increased spray penetration, causing undesirable fuel
encroachment on the chamber walls [4]. For instance, in comparison with diesel (0B), it was observed
that the HC emissions increased by 2.4%, 11.4%, and 14.6% for 5B, 15B, and 25B at 4.5 bar of BMEP
at retarded injection timing of 5◦CA bTDC, respectively. Among the fuels 25B has the highest HC
emissions for both advancing and retarding IT. There was a notable increment in HC emissions at both
early and late injection timings. Compared to the original IT for both the given loads (4.5 and 10.5 bar)
at 5◦CA bTDC the HC emissions increased. The HC emissions compared to original injection timing
rose by 153.5%, 148.9%, 151.7%, and 143.9% for 0B, 5B, 15B, and 25B, respectively, at 4.5 bar BMEP
engine load and late IT of 5◦CA bTDC, as shown in Figure 11. Likewise, at 10.5 bar the HC increased by
134.1%, 138.7%, 129.7%, and 130.7% for 0B, 5B, 15B, and 25B, respectively. Non-uniform mixing of fuel,
cold starting, lean combustion, and poor spray causing wall wetting could be the reasons responsible
for these results. Another explanation for the expansion of HC is the increase in ignition delay which
prompts a lower burning temperature that give rise to higher HC. It was observed that early IT caused
a minor decrease in HC pollutants. Compared to the original IT i.e., 15◦CA, HC emissions decreased
an average of 3.6% and 2.4% corresponding to engine loads of 4.5 bar and 10.5 bar, respectively, for
25◦CA bTDC. This could be because of the earlier start of burning that resulted in higher cylinder
temperatures, hence, decreased HC emissions. Furthermore, with advancing the IT, the lower cetane
number of butanol-diesel blends caused a prolonged ignition delay period. This raised the in-cylinder
temperature and pressure increased in the oxidation process of hydrocarbon fuels, hence, the HC
emissions are decreased. HC pollutants were higher at low loads; it was found that HC emissions
decreased by around by 27.9%, 24.8%, 27.9%, and 24.7% for 0B, 5B, 15B, and 25B, respectively, as the
engine load augmented from 4.5 to 10.5 bar of BMEP for 5◦CA bTDC. In the literature it has also been
reported that the presence of alcohol in the blends contributes to the increment of HC pollutants. The
variations of HC emissions with the addition of butanol are consistent with the results of Chen [71],
Rakopoulos [21], and Siwale [31]. A similar HC trend in butanol-diesel blends can be found in [9,73,74].
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9. Diesel Engine Performance

9.1. Exhaust Gas Temperature

Exhaust gas temperature (EGT) with respect to injection timing for the various fuels is depicted
in Figure 12. Compared to 0B the EGT decreased marginally for 5B and 15B. However, the EGT for
25B was slightly higher than that of 0B. EGT increased with the rising of loads for all the fuels due
to more fuel injection at higher loads, which increases combustion temperature, hence, it increased.
Compared to the original IT the EGT increased at both early and late IT. As illustrated in Figure 12a,
EGT increased on average of 2–3% and 3–5% for retarded IT (5◦CA bTDC) and advanced IT (25◦CA
bTDC), respectively. It was observed that 15B has the lowest EGT among the blends at 15◦CA bTDC
i.e., 628.3 K and 0B has the highest at advanced IT 25◦CA bTDC i.e., 663.2 K. At higher loads EGT has a
different trend from those of lower loads. At higher loads slightly higher EGT were achieved for the
butanol blends compared to 0B. This is primarily due to the higher level of the amount of oxygen in
butanol which increases oxygen-rich areas in the burning chamber giving rise to higher in-cylinder
temperatures and EGT. As shown in Figure 12b, EGT increased by an average of 8.5% for retarded
injection timing and it reduced by an average of 2.7% for advanced injection timing compared to the
original injection timing. It was found that 25B has the highest EGT among the blends at retarded IT
5◦CA bTDC and BMEP = 10.5 bar, i.e., 998.4 K.
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9.2. Brake Thermal Efficiency

The brake thermal efficiency (BTE) as a function of injection timing is shown in Figure 13. BTE
was marginally higher for the blends compared to diesel fuel operation, it became higher when higher
content of butanol were used in the blend. For instance, in comparison to 0B, BTE increased by 5.7%,
19.4%, and 37.3% for 5B, 10B, and 25B, respectively, at 4.5 bar BMEP load and retarded injection timing
5◦CA bTDC. It was observed that there was insignificant change in BTE with advancing and retarding
the injection timings for all the engine loads. The highest BTE was achieved with 25B for all the engine
loads. The 25B fuel blend at 10.5 bar of BMEP and advanced injection timing 25◦CA bTDC gave the
highest BTE, i.e., 31.04%. The increment in BTE is because of the higher content of oxygen in butanol
which resulted in a more complete combustion in the fuel-rich regions, subsequently enhancing the
burning productivity. In addition, heat losses decreased in the cylinder as a result of lower flame
temperature of butanol than that of diesel fuel operation [72]. As depicted in Figure 14, the results
showed that the heat transfer coefficient for the blends was lower at early and late injection timings
when compared with diesel fuel which resulted in decreased heat losses and increased BTE. The lower
cetane number of butanol results in a longer ignition delay which involves a speedy rate of energy
discharge that lessens the heat loss from the engine as a result of there not being enough time for this
heat to depart the cylinder through heat transfer with the coolant.
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Figure 14. Variation of coefficient of heat transfer: (a) BMEP 4.5 bar, injection timing 5◦CA bTDC; (b)
BMEP 4.5 bar, injection timing 25◦CA bTDC; (c) BMEP 10.5 bar, injection timing 5◦CA bTDC; and (d)
BMEP 10.5 bar, injection timing 25◦CA bTDC.

9.3. Brake Specific Fuel Consumption (BSFC)

The brake specific fuel consumption (BSFC) as a function of injection timing is shown in Figure 15.
BSFC of the butanol blends were lower than those of diesel fuel at all engine loads, with the decrease
being higher the higher the content of butanol in the mixture. Compared to 0B, BSFC for 5B, 15B, and
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25B decreased by 5.4%, 15.8%, and 25.9% at 4.5 bar and 5◦CA bTDC, respectively. It was observed that
retarded injection timing increased BSFC while early IT decreased BSFC for all the fuel mixtures. As
shown in Figure 15, at 4.5 bar of BMEP retarded injection timing (5◦CA bTDC) increased BSFC by an
average of 3% and advanced injection timing (25◦CA bTDC) reduced BSFC by an average of 2.3%.
Similar trends were also observed at high loads. At BMEP = 10.5 bar and advanced injection timing
(25◦CA bTDC) lowest BSFC values were observed for all the fuel mixtures. The minimum BSFC values
corresponding to 0B, 5B, 15B, and 25B were found to be 295.5, 280.5, 250.4, and 220.4 g/g/kW-h. In
terms of BSFC compared with original injection timing 25◦CA bTDC gave good results.
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10. Conclusions

This paper investigated the impact of injection timing on the performance and exhaust emission
of a six cylinder turbocharged engine using diesel fuel and three butanol-diesel blends. The following
are our conclusions:

It was observed that advanced injection timing slightly improved the BTE for all engine loads.
The BTEs were increased by 5.7%, 19.4%, and 37.2%, for 5B, 15B, and 25B, respectively, compared to 0B.
The BSFC decreased slightly with increasing n-butanol content in fuel blends.

NOx pollutants were reduced with increasing the n-butanol ratio in the blends and retarded
injection timing. Retarded injection timing of 5◦CA bTDC decreased NOX by an average of more than
50% for all the fuels at both the loads. The minimum NOx emission was found to be 633.1, 320.8, 59.6,
and 7.56 ppm for 0B, 5B, 15B, and 25B obtained at 5◦CA BTDC, respectively.

The results demonstrated that n-butanol addition significantly reduced CO emissions. Increasing
butanol content in the mixture reduced CO emissions due to higher oxygen/carbon ratio of butanol.
Minimum CO emission is 315.2, 271.6, and 178.8 g/kW-h for 0B, 5B, and 15B obtained at advanced
injection timing 25◦CA bTDC, respectively, and 74.4 g/kW-h for 25B at retarded injection timing
5◦CA bTDC

Both HC and CO2 emissions increased with increasing n-butanol content in fuel blends with
respect to 0B. Retarded injection timing (5◦CA bTDC and 10◦CA bTDC) and original injection timing
(15◦CA bTDC) gave minimum CO2 emissions at low and high loads, respectively. Advanced injection
timing of 25◦CA bTDC gave minimum HC emissions for all the fuel at all engine loads.
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A general conclusion of this study is that retarded Injection timing of 10◦CA bTDC gives optimum
performance, combustion, and lower emissions when compared with the original Injection timing of
15◦CA bTDC. Among the fuels 15B showed good results in terms of BTE, higher heat release rate, and
lower emissions of HC, CO, and NOx. Hence, 15B can be effectively used with injection timing of
10◦CA bTDC.

Author Contributions: Conceptualization, simulation, data analysis and paper writing S.A.A.; Supervision and
funding acquisition, S.Z. and Y.F.; Methodology Y.Z.; Validation and writing-review and editing N.A. and A.M.

Funding: The authors wish to thank the financial support of National Key R and D Program of China (grant
No.2016YFC0205400 and No. 2016YFC0205202).

Conflicts of Interest: No potential conflict of interest was reported by the authors.

Nomenclature

Qcomb Total heat released
dQn Apparent heat release rate
mf Mass of fuel
Qht Heat lost to the cylinder walls
P Cylinder Pressure
Tg The gas instantaneous temperature
θo Start of combustion
∆θb Combustion duration
Tc Critical temperature of butanol
x Molar fraction of butanol
µL Viscosity at liquid phase
µV Viscosity at vapor phase
xb Mass fraction of burned gases
Tw Cylinder wall temperature
A Cylinder heat transfer area
hg Heat transfer coefficient
V Cylinder volume
γ Ratio of specific heats
BTE Brake thermal efficiency
◦CA Degrees of crank angle
BMEP Brake mean effective pressure
CO Carbon monoxide
CO2 Carbon dioxide
NOX Nitrogen oxides
HC Hydrocarbon
LHV Lower heating value
BSFC Brake specific fuel consumption
IT Injection timing
ppm Parts per million
EGT Exhaust gas temperature
PRR Pressure rise rate
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