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Globally, fossil-based resources are becoming increasingly scarce as the demand for
energy from power-producing systems rises. Diesel engines are a popular and efficient
source of electricity, but different national and international organizations have
imposed limits on diesel emissions. Reducing emissions and boosting performance are
typical operations in diesel engines. ANSYS FORTE code was used to generate a
thorough numerical configuration. Analyses were conducted on a single-cylinder, four-
stroke, direct-injection diesel Cummins N-14 test engine setup running on a 40 percent
butanol-diesel blend with injection pressure ranging from 400 bar to 1600 bar at
constant speed conditions to determine its performance metrics (i.e. Thermal
Efficiency & Specific Fuel Consumption), combustion attributes (i.e. In-cylinder
Pressure, In-cylinder Temperature & Apparent Heat Release Rate), and emissions
characteristics (i.e. CO emission, Nox emission & Soot emission). In general, as injection
pressure was raised, thermal efficiency, CO emissions, and soot emissions all improved,
while in-cylinder temperature, in-cylinder pressure & NOx emissions rose
progressively. For instance, for 1400 bar fuel injection pressure, maximum in-cylinder
pressure and in-cylinder temperature were found, around 18.6 bar and 1650 K,
respectively, whereas injection started at a 22-degree crank angle before top dead
center (bTDC). The optimal injection pressure for internal combustion engines was
determined by considering both emissions and performance. The results indicated that
an injection pressure near 800 bar led to the following outcomes: an in-cylinder
temperature of approximately 1520 K, an in-cylinder pressure of around 17.5 bar, a
thermal efficiency of 32.50%, and a specific fuel consumption of approximately 292
g/KW-h. Additionally, implementing a 90%-10% split injection method with equal crank
angle duration (CAD) resulted in an average reduction of 4-6% in NOx emissions.
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1. Introduction

The world’s need for energy must be met in large part by internal combustion engines. Because
of their great thermal efficiency and low fuel consumption, diesel engines, in particular, have been
widely employed in a variety of applications. Traditional diesel fuel use has released hazardous
compounds into the environment, posing risks to human health and air quality. In recent years,
declining crude oil supplies and rising prices have placed increasingly sensitive pressures on the trade
balances of non-oil-producing countries while also posing a threat to the survival of developing and
industrialized countries. Thus, considerable attention has been paid to the development of
alternative fuel sources in various countries, with particular emphasis on bio-fuels that possess the
added advantage of being renewable fuels that can be replenished through the growth of plants or
production of livestock, showing an ad hoc advantage in reducing the emitted carbon dioxide.
Butanol, a bio-alcohol, has recently gained attention as a potential replacement fuel for diesel
vehicles. Butanol is preferable to ethanol for diesel engines due to its higher energy density and
reduced volatility.[1] Fuel injection pressure may need to be adjusted when using a diesel-butanol
blend, which may affect engine output and pollution levels. According to Krishna et al., [2] higher fuel
injection pressure is preferable for smaller droplet sizes and leads to improved combustion. The best
fuelinjection pressure was found to be 210 bar, while diesel fuel was utilized in the injection pressure
range of 180 bar to 240 bar. In this injection pressure, the emission is comparatively better. By
increasing the injection pressure, NOx emissions are enhanced. Because of the high cylinder
temperature, heptane fuel emits more NOx. Kannan et al. [3] carried out an experimental
investigation on a light-duty direct injection diesel engine at 150, 200, and 250 bar injection.
Performance and emission characteristics were graphed, and it was concluded that they were better
at 200 bar fuel injection pressure for the light-duty engine.

Anuradha et al. [4] demonstrated a numerical analysis conducted on a light-duty direct injection
diesel engine at 150 bar, 200 bar, and 250 bar injection pressures to investigate the influence on
performance and emissions. The cylinder pressure increased by roughly 6 bar when the injection
pressure was increased from 150 bar to 250 bar. When injection pressures were increased from 150
to 250 bars, the cylinder temperature rose by 16.9%. The generation of NOx increased by 41.5
percent. Keshav et al. [5] investigated the characteristics of high-pressure spray and exhaust
emissions in a single-cylinder diesel engine using a common rail-type diesel fuel injector under
various injector operation circumstances. An intensifier is used in the injection system to create
pressure of up to 160 MPa. Abdullah et al. [7] adjusted the injection pressure from 300 to 800 bar
using two different durations of main injection (dMl). A short dMI of 5 crank angle duration (CAD)
before the main injection was studied, as was a long dMI 40 CAD before the main injection (main
injection at 2.5 CAD after top dead Centre (aTDC) for 1500 rpm and 0.7 CAD aTDC for 2250 rpm). To
investigate the effect at low load, engine speeds of 1500 rpm and 2250 rpm with loads of 35.1 Nm
were chosen. When compared to water, the heat transfer coefficient is 25% higher. Aalam et al. [8]
observed that employing an electronically controlled injection system and increasing the injector
pressure from 220 bar to 1000 bar significantly improved performance and emissions due to better
spray formation. Brake thermal efficiency rises from 23.8 to 29.2 percent, hydrocarbon emissions fall
from 90 to 65ppm, and NOx emissions rise when injection pressure rises due to faster combustion
and higher temperatures reached in the cycle. The amount of smoke emitted has been lowered from
64 to 46 HSU (Hartridge Smoke Unit).

In sharp contrast to the advanced models available for the study of diesel engines utilizing
conventional diesel fuel [9-12], there is a scarcity of theoretical models addressing the mechanics of
combustion-generated pollutants with liquid biofuels. Even though many experimental studies on
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biofuel blends are accessible, the most effective fuel injection pressure is still under investigation [13,
14]. The experimental work is more expensive for engine studies. Therefore, simulation work is an
efficient technique for determining the most effective operating state for an engine without changing
any physical changes to the engine [15-18]. ANSYS Forte code is used in this study to find out the
effect of fuel injection pressure ranging from 400 bar to 1600 bar more precisely performance metrics
(i.e. Thermal Efficiency & Specific Fuel Consumption), combustion attributes (i.e. In-cylinder Pressure,
In-cylinder Temperature & Apparent Heat Release Rate), and emissions characteristics (i.e. CO
emission, NOx emission & Soot emission). Using the study result, the optimal fuel injection pressure
range is determined. Most importantly, 90%-10% split injection method with an equal crank angle
duration (CAD) of 10 degrees was introduced and studied in different injection pressure conditions
ranging from 400 bar to 1400 bar. The emission characteristics of split fuel injection of variable
injection pressure were analyzed.

2. Methodology
2.1 Numerical Model

Computational Fluid Dynamics (CFD) is a numerical analysis approach that analyzes the
interaction of fluids with defined surfaces to solve fluid flow problems. Before being generally
adopted, CFD simulation software was validated using an experimental apparatus and its association
with experimental data. The simulation program ANSYS Forte provides freedom in building the
computational mesh for describing system geometry. It has several mesh generation options, such
as importing mesh definitions from other files and employing automatic or guided sector mesh
generators for engine simulations. In ANSYS Forte, the workflow tree provides a step-by-step
navigation mechanism for configuring and executing simulations and easy access to various panels
for input and simulation parameters. The workflow tree’s nodes can be configured at any moment,
and additional elements can be added based on configuration choices. The simulation covers only
the closed portion of the engine cycle, from intake valve closure (IVC) at 120° before the top dead
center(bTDC) to the exhaust valve opening (EVO) at 125° after the top dead center (aTDC).

Table 1

Cummins N-14 Engine Specification[1]

Feature Value
Speed (RPM) 1200
IMEP (bar) 4
Intake Temp (°C) 111
BDC Temp (°C) 106
Intake Pressure (kPa) 233
TDC Motored Temp. (K) 905
TDC Motored Density (kg/m?3) 24
Peak Adiabatic Flame Temp [K] 2760
SOl (°aTDC) -7
Injection Quantity (mg) 61
DOI (CAD) 10
02 Conc. (Vol %) 21

The simulation was carried out using a four-stroke Diesel Cummins N-14 direct injection single-
cylinder test engine (Table 1). The Bowl Profile, the curved shape on the piston surface, can be
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defined using one of six alternative mesh topology examples provided by ANSYS Forte. Bore, stroke,
squish, crevice width, and crevice height are just some of the engine characteristics that may be
adjusted in the workflow tree of the Forte Sector Mesh Generator (Figures 1 and 2). It was configured
to compress at an 18:1 ratio. The key parameters used in this case were 13.97 cm for the bore
diameter, 15.24 cm for the stroke, 0.56 cm for the squish, 0.167 cm for the crevice width, and 3.72621
cm for the crevice height. There was a 45-degree angle in the section. Mesh creation was chosen for
the third topology. The mesh topology’s control point positions and the distance between them in
cells can both be specified as needed. Table 2 shows the scope and simulation solver models, and
Figure 3 lists the steps of ANSYS Forte Simulation.
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Fig. 1. Sector mesh dividing the nozzles

Fig. 2. Generated sector mesh

Table 2
Simulation solver model
Scope Solver Model

Equation of State: Ideal gas
Chemical Kinetics . . . . .
Chemkin Chemistry Set: Diesel-Butanol chemistry file

Flame Speed Model Laminar Flame Speed: Power law
Transport Turbulence: RNG k-¢
Spray Model Dr(?plet Model: Radius of Influence
Solid Cone Breakup Model: Gas Jet Model, RT Model, KH Model
Soot Model Two-step model
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Fig. 3. Steps of ANSYS Forte Simulation
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2.2 Governing Equations

The fuel-air combination and the byproducts of combustion are the working fluids, respectively,
before and after combustion. The Navier-Stokes equations govern the fundamental fluid dynamics in
ANSYS Forte’s description of turbulent reactive flow. For compressible, gas-phase flows, the
turbulent character of the flow was demonstrated by establishing model transport equations that
include mass, momentum, and energy conservation laws. Exchange functions were utilized to
account for the interaction between the gas phase and liquid droplets when liquid sprays were
introduced into the flow. In addition to these models, the governing equations were derived using
the ideal gas law for the gas-phase equation of state and Fick’s law for mass transport.

2.2.1 Equation for the Conservation of Species
Convection, molecular diffusion, turbulent transport, interactions with fuel sprays, and

combustion all contribute to the dynamic nature of the gas-phase working fluids of a combustion
engine, whereas those gas-phase working fluids were formed from a combination of discrete gas
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components, or species or a mixture of vaporized fuel and air particles. The conservation equation
for the mass of species k is:

e 1y (5il) = V[pDF] +V+¢  (Herek =123, ..K) [19] (1)
Here, p is the density, u is the velocity vector of the flow, K is the total number of species, and k
denotes the index of all those species. The effects of ensemble averaging or convection term filtering
are taken into consideration by the ¢ term, that is ¢ = i - pyu.

2.2.2 A Continuity Theorem Used for Fluids

For a fluid in its whole, the gas phase continuity equation [19] is as follows:
op N _ =%
5 TV =p 2)

op . . . N
Here, a—’t) represents the time rate of change of density within a control volume, V(pii) is the

divergence of the product of density (p) and velocity (u), which basically represents the spatial rate
of flow out of the control volume, and pS is a source term due to chemical reactions and spray
evaporation.

2.2.3 Equation for the Conservation of Momentum

The effects of liquid sprays and body force are included in the momentum equation, along with
those of convection, pressure force, viscous stress, and turbulent transport [19] :

2% + v(pun) = —Vp + VG — 2pkl + FS + pg (3)

In Eq. 3, p represents the pressure, F° represents the momentum gain per unit volume caused by
the spray, g represents the body force, G represents the viscous shear stress, and [ is the identity
tensor. Turbulence models were needed to provide closure in both the RANS and LES approaches.

2.2.4 Energy Conservation Equation

Based on the First Law of Thermodynamics, the alteration in internal energy must be balanced
by pressure work and heat transfer. The effects of convection, turbulent transport, turbulent
dissipation, sprays, chemical reactions, and enthalpy diffusion in a multi-component flow should also
be considered while solving flow problems associated with internal combustion engines. The internal
energy transport equation [19] is:

apT

¥+|7(mzi) =—pVu —pVii — V] —VH + pé + Q¢ + Q° (4)

apI . . .
a_pt represents the time rate of change of mean internal energy (lI) per unit volume, where

p is the density of the fluid, V(%) is the divergence of the product of mean density (p), mean
velocity (u), and mean internal energy (/), representing the convective transport of energy, pVu
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represents the work done by the Reynolds stress (turbulent stress) in the flow, pVii represents the
work done by the pressure forces in the flow, V] represents the diffusion of heat due to temperature
gradients, where J is the heat flux vector, VH represents the enthalpy gradient in the flow, p&
represents the dissipation rate of turbulent kinetic energy into internal energy due to viscosity, Q¢
could represent a source term for heat addition or removal due to chemical reactions and Q° could
represent a source term for heat addition or removal due to external sources (like heating or cooling).

2.2.5 Method Based on Reynolds Averaged Navier Stokes (RANS)
The RANS approach aims to simulate the ensemble-averaged flow field. The most common
method is using gradient-diffusion assumptions to model the turbulent transport processes. The

Reynolds stress has deviatoric components that are directly proportional to the mean deviatoric
strain rate in the momentum equation. The Reynolds stress tensor [19] can be thought of as:

I'=—p9r [Va(va)T - %(Vﬁ)]] +2pki (5)
If the dissipation rate is € and the turbulent kinematic viscosity is 91 [19], then.

79T = Cu (6)

1
mzl T

Here Cu is a model constant that varies in different turbulence model formulations.

The kinetic energy of the turbulent flow K [19], which is defined as:
k =—trace(l' = u'u’ (7)
=% race =suu

Here, u’ represents the fluctuating velocity components due to turbulence, and the overbar indicates
an average. The product of the fluctuating velocities squared, averaged, and multiplied by 1/2 gives
the turbulent kinetic energy.

In ANSYS Forte, both the standard and the advanced (based on Re-Normalized Group Theory) k-
€ model formulations are available. These consider velocity dilatation in the €- equation and spray-
induced source terms for both k and € equations.

The usual Favre-averaged formulae for k- [19] are as follows:

PR+ v(puk) = —2pkvi+ (G- I): Vi +7. [";"T + \712] —pE 4+ WS @)
Tk

ape . o 1 ) 3 )

%+ Vipué) = — GCgl - ng)pS:Vu +V. [% + Vs] +£(C£1(a —I):Vii — C.,p€ + CsW) (9)

In these equations, B.,P,, Cs, C¢, ,C,, are model constants. The source terms involving WS is

calculated based on the droplet probability distribution function.



Malaysian Journal on Composite Science and Manufacturing
Volume 16, Issue 1 (2025) 1-18

2.2.6 Synthesis of Chemical Kinetics

The chemical reactions that occur in combustion simulations can be characterized by chemical
kinetic mechanisms, which define the reaction routes and the related reaction rates leading to the
change in species concentrations. Reversible(or irreversible) processes involving k chemical species
can be expressed by this general form in precise chemical kinetic mechanisms [19]:

YR vV kiXke YK _ v kiXk(i=1,..,]). (10)

The rate at which the k™ species is formed in the i-th reaction [19] can be expressed as:

d)ki = (vllc,i - vllci)qi(k = 1r ;K) (11)
where q; is the rate of progress of reaction i.

In the species continuity equation, the chemical source term py, is obtained by adding up ®y; to
all the reactions [19]:

Pr = Wi Xicq Qi (12)

The corresponding term in the energy equation for the release of chemical heat is [8, 19]:

Qc = - Z§=1 Qiq;i = Z§=1 leg=1(771’<’i - Ullci)(Ahjg)kCIi ) (13)
Where Q; is the heat of reaction i at absolute zero [19]:

Qi = Xk i — v (4h7),, (14)
And (Ah?)k, represents the heat required to create species k at absolute zero.

2.3 Fuel Injection Pressure and Fuel Specification

A fuel injector was used for the simulation, whereas eight equally spaced nozzles were set. Seven
different injection pressures (400, 600, 800, 1000, 1200, 1400 and 1600 bar) were tested with a
varying nozzle diameter while the engine rotated at 1200 rpm. Also, a butanol-diesel blend of 40%
(40% butanol and 60% diesel) fuel was used to create the fuel mixture. The fuel specifications are
shown in Table 3.

2.3.1 Split Injection Setup
There were two split injection pulses with a 10-degree crank angle interval. The duration of both

injections was 10° crank angle, while the fuel’s entire mass flow rate was divided into two portions
of 90% and 10%, respectively. Fuel injection pressure was set similarly as before.
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Table 3

Fuel Specifications
Property Diesel Butanol
Mass per volume (in kg/L) 0.82-0.86 0.810
Kinematic Viscosity (mm?/s) at 40 °C 2.7 2.22
Calorific values (MJ/kg) 42.8 33.1
Maximum temperature at which water 210-235 118
can be boiled (°C)
Latent heat of vaporization (klJ/kg) 270 582
Auto-ignition temperature (°C) =300 385
Surface tension (mN/m) 23.8 24.2

2.4 Initial Condition

The simulation only includes the closed fluid portion of the engine cycle, from 120° before the
top dead center (bTDC) to 125° after the top dead center (aTDC). As a result, initial pressure,
temperature, species composition (such as air or a fuel-air combination), turbulence kinetic-energy
intensity (TKEI), and turbulence length scale (TLS) were all part of each computational region’s initial
circumstances. Initial conditions were uniform and obtained from an intake stroke simulation for
engine sector simulations. In some models, the initial momentum brought on by swirl flow was also
considered. O; and N; were presented in the composition at mole fractions of 0.126 and 0.874,
respectively. The pressure was 2.215 bar, and the initial temperature was set at 362.0 K. With a TKEI
of 10,000 cm?/sec? and a Turbulent Length Scale of 1.0 cm, the turbulence remained continuous. A
Bessel function profile was used to represent the swirl component of the flow, and the initial swirl
ratio was set to 0.5.

2.5 Boundary Condition

As the fluid portion of the engine cycle was solely included in the simulation, boundary condition
choices provided by ANSYS Forte include inflow, outflow, stiff walls of the engine cylinder and piston,
periodic, and symmetry. In cylinder simulations, using walls with constant temperatures and
turbulent rules for velocity conditions is common. For N-fold periodicity, periodic boundaries were
employed, as in sector mesh simulations. The Law of the Wall accurately describes the effects of wall
boundary layers. It is possible to specify piston motion and heat transmission to wall borders. Specific
values assigned in the study for piston boundary condition include piston temperature (500.0 K),
motion type (slider crank), stroke length (152.4 mm), bore diameter (139.7 mm), connecting rod
length (304.8 mm), piston offset (0.0), head temperature (470.0 K), liner temperature (420.0 K) and
heat transfer model (Han Reitz Model). For periodicity, the assigned value was sector angle (45°).

2.6 Model Validation

In this study, ANSYS Forte 2022 R1 software was utilized to validate a simulation model against
experimental data from a Cummins N-14 test engine. The engine was fueled with 100% n-heptane as
a substitute for diesel fuel. Model validation involved comparing experimental measurements with
numerical simulation results. Key validation criteria included peak in-cylinder pressure, overall
pressure profile shape, and heat release rate. Figure 4 shows a comparison between the simulated
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and experimental heat release rate curves, while Figure 5 shows the simulated and experimental
pressure profiles.

1 1 " 1 1 1 1
—=— Present study
—e— Experimental study
of Singh S et al
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100 +

Heat Release Rate (J/deg)
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Fig. 4. The Rate of Heat Release for 100 percent diesel
was compared to experimental data from Singh et
al.[1]
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Fig. 5. Comparison of Pressure for Diesel 100% with
experimental of Singh et al.[1]

The peak magnitude and duration of the heat release were consistent between the simulated
and experimental data. From 10 degrees before TDC to 15 degrees after TDC, the pressure
distribution trends were identical in both cases, despite errors in in-cylinder pressure and heat
release rate. The values of the peak in-cylinder pressure were predicted with less than 12% deviation
from the experimental profile, while those of the heat release rate were predicted with a maximum
error of approximately 5%. Due to the lack of data, the average assumptions were made, impacting
the simulation’s capacity to be perfectly validated. Despite variations in pressure profiles, both cases
show a constant upward trend in cylinder pressure.

10
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3. Results
3.1 Effect of Injection Pressure on In-cylinder Characteristics

The cylinder pressure, apparent heat release rate (AHRR), and in-cylinder temperature of a
combustion engine all respond differently to changes in injection pressure. At low injection
pressures, both cylinder pressure and AHRR decreased. However, due to improved fuel-air mixing
and a more thorough combustion process, cylinder pressure and AHRR increased as injection
pressure rose. These changes resulted in higher efficiency and lower emissions. However, at very
high injection pressures, such as 1600 bar, cylinder pressure could plateau or decrease due to overly
rapid combustion, leading to pressure waves that might harm the engine. Therefore, reducing the
injection pressure is crucial for ensuring a safe and reliable engine operation under such conditions.

——Inj P. 400bar

. —— Inj P. 600bar

20 Inj P. 800bar
Inj P. 1000bar
—Inj P. 1200bar
Inj P. 1400bar;|
Inj P. 1600bar

12

Pressure (bar)

-20 10 0 10 20
Crank Angle (Degree)

Fig. 6. Pressure variations with in-cylinder Crank Angle for
different injection pressure

Figure 6 illustrates the relationship between in-cylinder pressure and crank angle in a diesel
engine, with different lines representing various fuel injection pressures. As the fuel injection
pressure increased, the peak in-cylinder pressure also increased. This indicated that higher injection
pressures could enhance combustion efficiency. For instance, the maximum in-cylinder pressure for
a 1400 bar fuel injection pressure was around 18.6 bar. The peak pressure occurred at an earlier
crank angle with higher injection pressures. This suggested that combustion started sooner when the
fuel was injected at higher pressures. This observation was verified by noting the drastic increase in
in-cylinder pressure at around -14° crank angle for the injection pressure of 1400 bar, whereas
injection started at a 22-degree crank angle before the top dead center (bTDC).

Figure 7 shows a graph that plots in-cylinder temperature against crank angle for different fuel
injection pressures in a diesel engine. As the crank angle approached the top dead center (0 degrees),
the in-cylinder temperature rose, peaking shortly after. Higher fuel injection pressures resulted in
higher peak temperatures. For example, at 400 bar, the peak temperature was just above 1400 K. At
1400 bar, the peak temperature reached nearly 1650 K. The numerical data indicated that for every
200 bar increase in injection pressure, there was a significant increase in peak temperature, validating
the trend that higher pressures led to higher in-cylinder temperatures.

11
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Fig. 8. Apparent Heat Release Rate variations with in-
cylinder Crank Angle for different injection pressure

Figure 8 shows the relationship between in-cylinder heat release rate and crank angle for
different fuel injection pressures in a diesel engine and illustrates how varying pressures impact the
combustion process. As the fuel injection pressure increased, the peak heat release rate also
increased. This suggested that higher pressures improved combustion efficiency, leading to a more
intense and quicker burn. The trend is clear from the graph: higher injection pressures resulted in
higher and earlier peaks in heat release rate, which benefited engine efficiency and power output.

Regarding in-cylinder temperature, finer fuel droplets, better atomization, and better mixing of
the air-fuel combination all contributed to higher temperatures as injection pressure increased.
These elements improved combustion effectiveness. However, raising injection pressure even more
after a certain level (for instance, 1400 bar) could lower in-cylinder temperatures. This was because
atomized fuel required less time to mix, and some fuels, such as butanol, vaporized at higher
temperatures than diesel fuel, which could have a cooling impact. As a result, temperatures might
drop close to the fuel spray. In conclusion, although the link between in-cylinder temperature and
injection pressure tended to increase, it could be altered by factors such as engine design, fuel
characteristics, and operating conditions, making it a complex phenomenon.

12
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3.2 Effect of Injection Pressure on Emission Characteristics

Injector pressure affected diesel engine combustion efficiency and pollution output. Incomplete
combustion occurred at low injection pressures, leading to higher particulate matter emissions and
unburned hydrocarbons. Increasing the pressure improved combustion, but it also raised NOx
emissions. If the pressure was too high, the fuel spray became too atomized, resulting in increased
NOx emissions. While soot emissions were engine- and operation-specific, higher injection pressures
often reduced soot emissions. Fuel droplets were more easily broken apart at higher injection
pressures, leading to better mixing and less CO production—two factors crucial to efficient
combustion.
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Fig. 9. Comparison of Nitrogen Oxides (NOx) and
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Figure 9 shows data demonstrating a connection between injection pressure and carbon
monoxide and nitrogen oxide emissions. Variations in CO and NOx emissions were observed at
injection pressures ranging from 400 to 1400 bar. CO emission, on the other hand, showed a general
downward trend, with the lowest value recorded at 800 bar of injection pressure. However, NOx
emission exhibited a more erratic pattern, increasing somewhat between 400 and 600 bar, then
decreasing until 1000 bar, and then increasing again between 1200 and 1400 bar. This occurred

13



Malaysian Journal on Composite Science and Manufacturing
Volume 16, Issue 1 (2025) 1-18

because specific fuel consumption was greater at lower fuel injection pressure, resulting in a lower
air-fuel ratio in the combustion chamber. Consequently, irregular combustion took place, and NOx
generation was greater when injection pressure was low. On the other hand, NOx generation was
also higher at greater injection pressure because higher injection pressure led to better combustion
and higher in-cylinder temperature, which was a dominant factor for high NOx emission.

Figure 10 depicts the results of an analysis of the dataset representing the relation between
injection pressure and NOx and soot emissions. Soot emissions decreased as the injection pressure
rose from 400 to 1400 bar. When the injection pressure was raised, the emission index for soot
decreased. For instance, soot emission reached its lowest point at an injection pressure of 1400 bar.

In the end, the injection pressure played a significant role in diesel engine emissions and
combustion efficiency. Complete combustion was promoted by the optimal injection pressure,
reducing emissions of soot, particles, and unburned hydrocarbons. However, there was a fine line to
walk when determining the optimal injection pressure, as doing so could lead to an increase in NOx
emissions and complicated consequences for soot emissions. Combustion efficiency and reduced CO
emissions depended on the atomization and mixing of fuel.

3.3 Effect of Injection Pressure on Thermal Efficiency and Specific Fuel Consumption

More energy was converted and burned from fuel when the injection pressure was increased, as
observed in Figure 11. However, progress slowed down significantly at high injection pressures.
Increasing injection pressure led to a higher specific fuel consumption, indicating more efficient
combustion and less wasted fuel in the exhaust. Overall thermal efficiency and fuel consumption had
adverse effects with increasing injection pressure, yet there was an optimal situation for producing
maximum effective output.
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Fig. 11. Comparison of Thermal Efficiency with
Indicated Specific Fuel Consumption (ISFC)

As a result, the optimum injection pressure for a 40% butanol-diesel blend was 800 bar,
considering the emission of NOx, CO, and soot. Additionally, thermal efficiency and fuel consumption
positively influenced the decision on the optimal injection pressure.

14



Penerbit

Malaysian Journal on Composite Science and Manufacturing .
Volume 16, Issue 1 (2025) 1-18 Akademia Baru

3.4 Emission Effect of Split Injection on Variable Injection Pressure

Two split injection pulses with 10-degree crank angle intervals were used to achieve a split
injection outcome. The duration of both injections was 10 degrees of crank angle, while the fuel’s
overall mass flow rate was divided into two portions of 90% and 10%, respectively. Figures 12 and 13
showed that split injection significantly reduced NOx emissions compared to non-split injection, with
an average reduction of 4%. Thus, it was evident that split injection contributed to NOx reduction.
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Fig. 12. Comparison of CO and NOx at Exhaust Valve
Opening (EVO) in Condition of Specific Split Injection
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Fig. 13. Comparison of Soot and NOx at Exhaust
Valve Opening (EVO) in Condition of Specific Split
Injection

On the other hand, CO emission decreased significantly with the reduction of injection pressure,
indicating more efficient combustion. Additionally, this suggested that using split injection reduced
the need for excessive injection pressure. Soot emission improved, and after an injection pressure of
800 bar, soot emission remained nearly constant.

Analyzing the above dataset, an injection pressure of 700 bar might provide the optimum
pressure considering the lowest emissions. Furthermore, it was evident that split injection enhanced
emission characteristics more than single injection at slightly lower injection pressure.
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4. Conclusions

Conducting engine research to advance the automotive sector and enable incremental engine
improvement is essential. This particular study emphasizes Injection Pressure with performance
metrics (i.e. Thermal Efficiency and Specific Fuel Consumption), combustion attributes (i.e. In-
cylinder Pressure, In-cylinder Temperature & Apparent Heat Release Rate), and emissions
characteristics (i.e. CO emission, NOx emission and Soot emission) to comprehend the impact of
engines on the combustion process. Moreover, it investigates the emission impacts of Split Injection
with Variable Injection Pressure.

The outcomes of this investigation can be summarized as follows:

i.  Increasing the injection pressure causes the cylinder pressure and heat release rate to
rise, suggesting that the combustion process intensifies and becomes more effective,
increasing power output and performance. For instance, for 1400 bar fuel injection
pressure, maximum in-cylinder pressure and in-cylinder temperature were found, around
18.6 bar and 1650 K, respectively.

ii. Increased injection pressure leads to higher NOx emissions and elevated cylinder
temperatures. At an injection pressure of 1400 bar, NOx emissions reach 4 g per kg of fuel
at the exhaust valve opening. Striking a balance that satisfies both performance and
environmental criteria is crucial, even if it involves a trade-off between improved
combustion efficiency and potentially higher emissions.

iii. The study revealed a positive outcome: minimal soot generation with higher injection
pressure. Soot, a byproduct of incomplete combustion, contributes to particulate matter
emissions and air pollution. The decrease in soot indicates cleaner and more complete
combustion. Specifically, when shifting injection pressure from 600 to 800 bar, soot
emissions decreased by nearly 6%.

iv.  Another significant finding relates to combustion duration. Higher injection pressure
leads to shorter combustion duration. This implies that fuel burns more rapidly and
efficiently, enhancing engine responsiveness and reducing fuel consumption. Notably, at
an injection pressure of 1400 bar, there was a drastic increase in in-cylinder pressure
around -14° crank angle, while injection starts at a 22-degree crank angle before the top
dead center (bTDC).

v. Splitinjection offers a solution to high injection pressure requirements. This resulted in a
reduction of NOx emissions of 4-6% on average. Additionally, lowering injection pressure
leads to reduced CO emissions—a clear sign of improved combustion efficiency when
employing split injection.

This research underscores the critical role of optimizing injection pressure for engine
performance. By comprehending the effects of higher injection pressure—such as increased cylinder
pressure and temperature, NOx emissions, minimal soot production, and shortened combustion
time—engineers can strike a delicate balance between performance, efficiency, and emission
management in the design of modern engines.
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