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engine emissions, some steps should be followed, including lowering emissions and
increasing performance. Butanol is a well-known biofuel with comparatively lower
emission characteristics and higher performance than diesel. Blending butanol with
diesel can increase the performance and improve the emission characteristics of a
diesel engine. This study introduces a 40% butanol: 60% diesel blend (D60B40) to a
single-cylinder, four-stroke, direct-injection diesel engine to investigate the
combustion properties and emission characteristics using ANSYS Forte software.
Effects of different start of injection (SOI) of 30°, 26°, 22° and 18° Before Top Dead
Center (BTDC) were studied. Results show that early injection leads to greater
temperatures, pressures, and apparent heat release rates (AHRR), which all reduce
carbon monoxide (CO) and unburned hydrocarbon (UHC) emissions but cost more
Nitrogen Oxide (NOx) emissions. Combustion efficiency is 2.66% higher for 30° BTDC
than 18° BTDC. Thermal efficiency shows a 0.2% increase for 18° BTDC due to low wall
heat transfer loss. NOx emission is 2.983 g/kWh for 30° BTDC, whereas 18° BTDC had
only 0.544 g/kWh. To reduce the NOx emission due to increasing blend ratio and
advanced SOI, exhaust gas recirculation (EGR) is also investigated (0%, 10%, 20% &
30%) for D60B40 at 30° BTDC. At 30% EGR, the investigation reveals an improvement
in emission characteristics, with NOx emission of 0.169 g/kWh, about 90.5% lower
than D100. The CO emission increases from 1.485 g/kWh to 5.345 g/kWh, about 4
times more than 0% EGR. By using a higher butanol/diesel blend of D60B40 with early
injection at 30° BTDC and an EGR rate of 30%, it is feasible to satisfy the standards of
many national and international organizations and improve combustion performance.
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1. Introduction

Internal combustion engines have contributed significantly to humanity’s advancement. Despite
their benefits, engines also provide several difficulties, including higher fuel costs and greater air
pollution. This motivated the scientists to work on improved combustion techniques that might result
in greater fuel efficiency and reduced emissions. Due to the growing ecological and environmental
concerns about traditional fossil fuels and the strict restrictions governing exhaust emissions, the
engine industry and vehicle manufacturers have given renewable energy more consideration for the
next generation of engines [1,2]. The next generation of biofuels may be produced from renewable
resources and agricultural waste products, such as cornstalks and wheat shafts, which provide the
intriguing prospect and promise of renewability in that the biofuels may be fully restored by the
environment and fully achieve a dynamic equilibrium between the carbon source and carbon sink by
employing the combustion products of the fuels [3]. Butanol is a good fuel alternative that can be
produced from biological waste products and is a renewable fuel source [4,5,6]. It is seen in
experimental research that adding butanol with diesel and charging the mixture into the engine
reduces CO emissions and increases the release of EINOx (EINOx stands for “Exhausted Inhibited
Nitrous Oxide.” EINOx is a chemical compound which is produced by the reaction of an NOx (Nitrogen
Oxides) exhaust treatment additive with diesel engine exhaust gases). Also, the combustion
characteristics improve with the increase of butanol percentage in the mixture. Luis et al. [7] studied
the effects of butanol/diesel blends using 5%, 10% and 20% of butanol in the mixture. However,
engine construction and other operating parameters, such as spray models and pressure, affect
combustion and emission characteristics [8,9]. Injection timing is one such operating condition that
plays a dominant role. Advancing or retarding the fuel injection time affects the combustion and
emission characteristics [10].

There is an adverse effect of using butanol with diesel fuel. It increases the amount of NOx in the
combustion products [11]. NOx is a harmful environmental product that must be reduced [12].
Investigations have found that using an exhaust gas recirculation system (EGR) reduces the amount
of NOx emission significantly. With the increase of the EGR rate, the NOx emission is lower. Engine
performance gets better [11,13,14].

This study was conducted to find out the outcomes when the percentage of butanol in the blend
was 40%. Effects of injection timing (30°,26°,22°,18° BTDC) are investigated, and finally, advanced SOI
(30° BTDC) is selected for further analysis of the combustion and emission characteristics with EGR
(0%, 10%, 20%, 30%).

2. Methodology

2.1 CFD Model & Ansys Forte

The ANSYS-developed FORTE 2022 R1 software was used to model the functioning of an IC
engine. The software combines a highly effective and comprehensive pre-defined industry standard
chemical kinetics (CHEMKIN files) that solves chemical reaction mechanisms and specifies
thermodynamic data based on Arrhenius-type correlation with the CFD code, which was used to solve
liguid spray, turbulent gas dynamics, and other transport equations. Figure 1 shows the flow of
operations of ANSYS FORTE.
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Fig. 1. Ansys Forte Simulation flow chart

2.2 Governing Equations

The air-fuel combination prior to combustion and the burnt by-products following combustion
serve as the working fluids for internal combustion engines. The Navier Stokes Equation governs
fundamental fluid dynamics in turbulent reacting flows, which are turbulent flows with chemical
mixing and reactivity and were represented on ANSYS Forte.

Governing equations such as continuity, momentum, and energy equations were modified on the
basis of Reynolds-averaged Navier-Stokes (RANS) equations. RANS was based on the semi-implicit
method for pressure-linked equations and the k-€ standard turbulence model for numerical flow
simulation [15,16].

2.2.1 Species Conservation Equation
Models of engine working fluids (gas phase) combine different gas species or gas component
kinds. Due to interactions with fuel sprays, combustion, and molecular diffusion, the engine cycle

alters each individual gas component. Let a species be k, and then the conservation equation (Eq. 1)
is as follows:

2 1 V(ptl) = V5 DTl + Vo + 55 + i (Here,k = 1,2,3,..K) (1)

Here, p is the density, subscript kK means species index, K is the total number of species, and u is the
flow velocity vector.

The term ¢ (Eq. 2) accounts for the effects of the ensemble-averaging the convection term:
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¢ = Pl — Pt (2)
Pr and py are terms due to chemical reactions and spray evaporation, respectively.
2.2.2 Fluid Continuity Equation

The continuity equation (Eq. 3) for the total gas phase fluid is:
ap -
2.2.3 Momentum Conservation Equation
The momentum equation (Eq. 4) is:
L+ V(puui) = —Vp + VG — 2 pkl + FS + pg (4)

Where, p is the pressure, FS is the rate of momentum gain per unit volume due to the spray, g is the

o _. . — = o o 2 pon . . o
specific body force, & is the viscous shear stress, @ = pv [Vu + (V)" — 3 (Vu)I], vis laminar kinetic
velocity, I is the identity tensor, and superscript T means transpose of a tensor.

2.2.4 Energy Conservation Equation

The internal energy transport equation (Eq. 5) is:

22+ V(pul) = —pVT — pVi — V] — VH + £ + Q° + Q° )

Where, | is the specific internal energy, J is the heat flux vector, ] = —AVT — pD; 3) bV (%), Ais

the thermal conductivity, which is related to the thermal diffusivity a and heat capacity C,, by 4 =
pCpa, Tis the temperature, h, is the specific enthalpy of species k, and & is the dissipation rate due
to chemical heat release and spray interactions, respectively.

2.2.5 RANS Equation

The Reynolds Average Navier-Stokes (RANS) is a time-averaged equation and can be expressed
asin Eq. 6:

a(pu;) -0
axi
a(puuj)  ap , 9 du; | Ouj 2. Ay a —
Ox;j a 0x; + Ox;j H ox;j + Ox; 36” 0x; + ax,-( puiu j) (6)

Here, u is the velocity of the fluid, p is the density of the fluid, and p is the dynamic viscosity of the
fluid.
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2.3 Chemical Kinetics Formulation

The chemical reactions that occur in combustion simulations can be described by chemical kinetic
mechanisms that define the reaction pathways and the associated reaction rates leading to the
change in species concentrations. In detailed chemical kinetic mechanisms, the reversible or
irreversible reactions involving k chemical species can be represented in the general form, Eq. 7:

YR v ki‘k o YK_ v kiXk (i1, ...,1) (7)
The production rate of the k' species in the jth reaction can be written as in Eq. 8:

Or; = (W — ) qitk = 1, ..., K) (8)

Where g; is the rate of progress of reaction i [17].

2.4 Engine Specifications

For this study, a Cummins N-14, single-cylinder, direct-injection diesel engine was used. It had
two intake valves and a single exhaust valve. The combustion chamber was quiescent and used direct
injection. The Bore diameter was 13.97 cm, and the height of the engine cylinder was 15.8 cm. Bowl
width and depth were 9.05 cm and 1.346 cm, respectively. The length of the connecting rod was
30.48 cm. The nozzle had eight equally spaced holes with an orifice area of 0.00302 cm? each, and a
common rail, a pilot valve, was used for actuated fuel injection. The compression ratio of the engine
was 15. The injection pressure was 2.215 bar.

2.5 Boundary Conditions

The piston temperature was set to 500K, and the stroke length was set to 15.45 cm. The sector
angle was 45°, the head temperature was 470K, and the liner temperature was 420K.

2.6 Geometry and Meshing

The geometry represents a section of the engine cylinder since the cylinder is symmetric. The
sector angle in this simulation was 45°. The section was divided into 17619 sections. Mesh
independency was checked for 1386, 8262, 15560, 17619, 21784 and 32671 cell numbers
respectively.

Figure 2 shows the sector geometry and meshing. For mesh independency testing, maximum
pressure and maximum temperatures were analyzed. Figure 3 shows the consistency of both
pressure and temperature data after 17619 cell numbers.
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Fig. 3. Mesh Independency Test

3. Results
3.1 Injection Timing

The moment fuel is injected into the cylinder for the first time is known as the injection timing.
This influences the time at which combustion occurs. A diesel’s combustion, emission, and
performance properties are all impacted by its presence. Improvements may be made to the
characteristics for a more effective beginning to the injection process. Table 1 states the different
start of injection (SOI) of fuel blend into the engine cylinder ranging from 30° to 18° BTDC for the
mixture of 60% n-heptane and 40% n-butanol (D60B40).
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Table 1
Parametric Study table for different SOI for D60B40
Serial Start of Injection (BTDC)
1 SOI=18
2 SOI=22
3 SOI=26
4 SOI=30
—— SOl 30 BTDC
20 —— S0l 26 BTDC
—— 50122 BTDC
—— S0l 18 BTDC
15
©
o
=
L 10+
@
o
o
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0 T - T T T ™ T g T ™ T T 1
-30 20 10 0 10 20 30
Crank Angle (deg)

Fig. 4. In-cylinder Pressure distribution for 40%
butanol blend (Pressure vs CA)
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Fig. 5. In-cylinder Temperature distribution for 40%
butanol blend (Temp. vs CA)

The Figure 4 shows the pressure distribution vs crank angle (CA) for a 40% butanol blend. The
pressure distribution goes through a remarkable transformation from the beginning of the injection
to its conclusion. The pressure and temperature of the cylinder are below the threshold required to
begin the injection procedure at this earlier stage. As a result, there is an increase in the development
of diesel and butanol mixed fuel when the ignition delay is in effect. The highest amount of ignition
takes place at an SOI of 30° TDC (Top Dead Center). The air-fuel combination burns rapidly, which
causes a rapid increase in pressure and temperature inside the cylinder. This is necessary to achieve
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a longer ignition delay. When a large volume of fuel is burnt at a high heat release rate, a process
known as premixed combustion takes place. This results in a shorter amount of time spent in the
combustion stage.

In the case of temperature, the reduction is seen in Figure 5. When the injection timing is
advanced, more fuel is collected if the ignition delay is left on for longer. A higher rate of heat
production is achieved by the process of premixed combustion, which sees the burning of the bulk
of the fuel. Because of this, advancing the injection time causes the temperature of the cylinder to
rise. SOI= 30° BTDC shows maximum temperature meaning the injection is advanced at this point,
while SOI= 18" BTDC shows lowest temperature rise meaning retarded injection.

— S0I=-30

6000 —— S0I=-26
—— S0I=-22
—— SO0I=-18

5000

4000 +

Jideg)

3000

~
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1000 +
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Fig. 6. AHRR distribution for 40% butanol blend (AHRR vs CA)

Figure 6 represents the distribution of apparent heat release rate (AHRR) with respect to injection
timing (SOI) changes. It shows the gradual decrease in apparent heat release rate when the injection
time is retarded. When the injection time was delayed, the cylinder’s temperature and pressure
increased to potentially hazardous levels just before the injection occurred. When high temperatures
were used for fuel injection, there was not enough time for fuel to mix. Because the ignition delay
was cut down, most of the fuel was burnt during the diffusion phase rather than the premixed mode,
resulting in higher efficiency. When the crank angle rises, the rate of heat escape reduces, which may
be proven by delaying the injection time in this manner. If the injection time is advanced beyond the
maximum amount allowed, the cylinder pressure may be raised; nevertheless, this results in a slower
pace at which heat is released from the engine.

The CO emission distribution is shown in Figure 7 in relation to the various injection timings. The
delayed injection time reveals the point at which carbon monoxide (CO) production and emission are
at their highest levels. This is because when the injection time is delayed, there is less time available
for the fuel to undergo the required mixing and combustion processes. Hence, full combustion does
not take place when the injector is delayed. As a direct result of this, there is an increase in the
production of CO and its emissions.

The EINOx emission distribution is shown in Figure 8 in relation to the various injection timings.
The delayed injection time reveals the point at which the EINOx production and emission are at their
lowest levels. This is because when the injection time was delayed, there was less time available for
the fuel to undergo the required mixing and combustion processes. Hence, full combustion did not
take place when the injector was delayed. As a direct result, the proper pressure and temperature
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buildup required to form EINOx were not reached. So, the amount
significantly with the retardation of injection timing.
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Fig. 7. CO Emission distribution for 40% butanol blends (CO
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Fig. 8. Emission Indexed NOx (EINOx) distribution for 40%

butanol blend (EINOx vs CA)

of NOx emission reduces

Since the delayed injection time did not allow for the appropriate mixing of fuel and air, the fuel
mixture was not completely combusted. As a result, there was an increase in the total quantity of
unburned hydrocarbon, as shown in Figure 9. At the point of discharge, the 18-degree BTDC indicates
the maximum quantity of hydrocarbon that had not been consumed.
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Fig. 9. Unburned Hydrocarbon distribution for 40% butanol
blend (UHC vs CA)

3.2 Effect of Exhaust Gas Recirculation

Exhaust Gas Recirculation, often known as EGR, is a method for reducing the amount of nitrogen
oxides (NOx) that includes introducing a part of the exhaust gas back into the intake air before
delivering it to the engine’s cylinder. As a result of this process, the amount of oxygen in the air was
decreased, resulting in a lower rate of NOx production.

The impacts on the emission characteristics were investigated using D60B40 in conjunction with
three different EGR percentages, including 10%, 20%, and 30%.

—— EGRO0O0
20 —— EGR10
—— EGR20
—— EGR30

15 +

104

Pressure (MPa)

0 T T T

Crank Angle (deg)

Fig.10. In-cylinder Pressure distribution for different EGR
rates (Pressure vs CA)

53



Malaysian Journal on Composite Science and Manufacturing
Volume 14, Issue 1 (2024) 44-57

—— EGRO0
—— EGR10

1 —— EGR20
2000 ~ —— EGR30

1750 4

-

(42

(=]

o
1

1250 ~

Temperature (K)

1000 ~

750

500 T T T T T T T T

Crank Angle (deg)

Fig. 11. Temperature distribution for different EGR rates
(Temp. vs CA)

Figure 10 demonstrates that the pressure decreases when the amount of EGR in the system rises.
The greatest pressure may be seen on the EGR0O0 gauge, which is the simple air intake. This is because
a rise in the EGR rate reduced the quantity of fresh air, resulting in a lower concentration of oxygen
in the air. Hence, the fuel mixture does not seem to have been completely combusted in this instance.
Because of this, the pressure cannot rise to the desired amount, and instead it steadily decreases as
the EGR rate increases.

Similar to the pressure distribution, Figure 11 shows the gradual decrease in the temperature
with the increase of EGR percentage. A higher EGR rate means a larger portion of exhaust gas was
being charged into the combustion chamber. With the shortage of oxygen concentration, complete
combustion does not occur, so the peak temperature in the engine cylinder drops. As a consequence,
the heat release rate also decreases.

—— EGRO00
800 - —— EGR10
——EGR20

700 —— EGR30

600

500

400

300

CO (g/kg fuel)

200 +

100

-100 T T
-40 -20 0 20
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Fig. 12. CO Emission distribution for different EGR rates
(CO. vs CA)
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Since EGR decreased the quantity of oxygen in the combustion chamber, it caused an increase in
the amount of carbon monoxide (CO) present in the exhaust stream. This is because a lower quantity
of oxygen might induce incomplete combustion, which can lead to carbon monoxide (CO) production.

EGR’s effect on a vehicle’s CO emissions is variable and may be affected by various circumstances.
By way of illustration, the use of EGR may bring about a decrease in the peak flame temperature that
occurs during combustion. This, in turn, can promote more comprehensive combustion and reduce
the production of CO.

Figure 12 shows the highest CO emission for 30% EGR, then gradually dropping for 20% and 10%
EGR, which is quite similar to the 0% EGR.

—— EGRO0O
—— EGR10
—— EGR20
—— EGR30

204

EINOx (g/kg fuel)

-40 -20 0 20
Crank Angle (deg)

Fig. 13. Emission distribution EINOx for different EGR rates
(EINOx vs CA)

Since EGR reduced the quantity of oxygen in the combustion chamber, the amount of nitrogen
oxides produced in the exhaust was lowered, as shown in Figure 13. This is because a lower
concentration of oxygen might result in combustion that is not complete. Hence, the pressure and
temperature conditions necessary to produce NOx during the chemical reaction do not exist. As a
consequence, the NOx levels in the intake air decreased when the rate of EGR is increased.

4. Conclusions

In this study, the effects of injection timing and the effect of exhaust gas recirculation were
studied for a single-cylinder direct injection diesel engine fueled with 40% butanol and 60% diesel
blend. The effects of injection timing were investigated for SOI= 18’, 22°, 26°, 30° BTDC. The EGR rates
are set to 0%, 10%, 20% and 30% for the study. The research is concluded as follows:

i. Injection of fuel at an early stage, with an SOI of 30° BTDC, exhibits increased temperatures,
pressures, and heat release rates.

ii. If early injection is used, the ignition delay will be longer, but the combustion length will be

shorter. In the case of late injection, the situation is exactly the reverse.

iii.  While early injection achieves superior results in reducing CO and unburned hydrocarbon, it

increases NOx output. The late injection produces decreased NOx emission.
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iv. The peak pressure and temperature decrease with the increase of the EGR rate. The lowest
pressure was 16.7 MPa and 1771K, respectively, for EGR 30%.
v. CO emission increases for EGR by 10% but drops for EGR by 20% and 30%.

vi. The lowest NOx emission was recorded for EGR 30%, at 0.698 g/kg fuel.
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