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ABSTRACT

Late injection for a stratified charge could realize Gasoline Direct Injection (GDI) engine’s full
potential in terms of fuel economy and emissions. A current study shows that lean mixture creation
in the combustion chamber causes misfire, hydrocarbon, and NOx emissions potentially
weakening the engine’s advantage over the port fuel injection (PFI) engines. This work explores
the impact of dual direct injection on NOx formation in a GDI engine at early injection mode. The
2021 ANSYS Design modeler was used for the geometry design, and meshing, and employed
ANSYS Fluent for simulation, and numerical analysis. Post-combustion mass fraction of nitrogen
and its corresponding oxides of nitrogen content in the combustion chamber were about ten times
lower in the early injection mode of the dual direct injection engine in comparison to the same in
the late injection mode. The results suggest that dual direct injection enhances progressive cooling
of the charge and in-cylinder temperature for the mitigation of NOx formation.
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1. INTRODUCTION

Greenhouse gas emissions which are setbacks of the gasoline direct injection engines have the
potential to affect human health in several ways. Franchini and Mannuci (2015) emphasized that
the ways by which these gases affect human health includes increased in the frequency of heat
waves, weather events such as hurricanes, cyclones and drought. In an attempt to solve these
setbacks exhaust gas recirculation (EGR), common rail system and direct injection has been
introduced. Over the last three decades, limit values have been significantly decreased, and more
pollutant species have been monitored. For example, the NOx threshold in Euro 5 and 6 has
diminished by 60%, from 0.15 g/km in Euro 3 (European Commission,1998) to 0.06 g/km
(European Commission,2012). Direct injection (DI) systems also came with its challenges that in
Awad (2020) concluded in his work that direct injection engines would need to use gasoline
particulate filters to comply with the recent emission laws. Meanwhile, DI engines inject fuel
straight forwardly into every chamber, thus, eliminating time lag and improving transient response
to result in evaporation of fuel inside the combustion domain for its cooling effect.

Spark ignition engines benefit from this cooling effect in a variety of ways, including volumetric
efficiency, decreased knock propensity, bigger compression ratios, greater turbo charging, higher
thermal efficiency and chiefly, fewer NOx emissions. In sum, the cooling effect of directly injected
charge could result in fewer NOx emissions. Furthermore, the cooling impact of the directly
injected fuel might be amplified if the fuels of higher vaporization enthalpies are used. In general,
there are two types of Gasoline Direct Injection (GDI) engines, each with its own injection
strategy: early injection for homogenous charge and late injection for stratified charge. It is
suggested that the latter could realize the GDI engine's full potential in terms of fuel economy and
emissions (Kalghatgi, 2019). Despite the fact that the GDI engine produces more power at part
load, current study shows that the lean mixture creation in the combustion chamber might cause
misfires and unburned hydrocarbon emissions, potentially weakening the engine's advantage over
the PFI engine. Again, Investigation into the Comparisons of Exhaust Emissions through Catalytic
Converters Installed during a similar experimental work done influenced the Exhaust system (Baidoo
Philip et al 2022). As a result, the quality of mixture creation in the GDI engine with late injection
should be improved to offset the influence of potential downsides of lean mixture formation. To
add to that, the time for gasoline to combine with air in GDI engines with late injection is restricted
(Anenberg, Miller, Henze, & Minjares, 2019). From this, late injection GDI engine, as well as the
mixture formation and fuel atomization processes that lead to fuel vaporization and combustion of
the air-fuel combination, has become a study focus. According to Price et al. (2007) directly
injected fuel’s impact may be measured in variety of ways. The researcher therefore seeks to
explore the impact of dual direct injection on nitrogen oxide formation in a GDI engine at early
injection mode.

2.0 METHODOLOGY
2.1 Numerical Method

Chemical species of gasoline-air combustion are examined at both early and late injection modes
using eddy-dissipation model in ANSYS fluent. physical models; heat transfer is enabled by the
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energy equation, standard k-epsilon turbulence model is selected in the viscous model and
chemical species transport and reaction enabled by selecting the species transport model. A
generalized eddy-dissipation model to analyze the gasoline-air combustion system was enabled.
The combustion was modeled using a one-step reaction mechanism, assuming complete
conversion of the fuel to CO2 and H20. The reaction equation is CsHig + 12.5 (O2 + 3.76 N2) — 8
CO2 + 9H20 + 47 N2. This reaction is defined in terms of stoichiometric coefficients, formation
enthalpies, and parameters that control the reaction rate. The reaction rate is determined assuming
that turbulent mixing is the rate-limiting process, with the turbulence-chemistry interaction
modeled using the eddy-dissipation model. Default setting for the mixture is modified by enabling
the gas law. By default, the mixture material uses constant properties. These constant property
assumptions are retained, allowing only the mixture density to vary with temperature and
composition. The influence of variable property inputs on the combustion prediction are examined.

2.2 Geometry of the Combustion Chamber

Table 1 Main Technical Parameters of the Engine (The engine is designed using ANSY'S
2021 Software).

Engine Spark ignition, four cylinders, dual-injection
Compression 9.6:1

Displacement 1.984L

Cylinder Bore and stroke 82.5 mm x 92.8mm

Maximum Power 137KW (5000rpm)

Maximum Torque 320Nm(1600-4000rpm)

02 (D1)=0.1mm
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Figure 1. Dimension of cylinder bore and stroke
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Figure 2. 3D geometry of a computational domain with piston at BDC.
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Figure 4. 3D geometry of the computational domain with piston at TDC

2.3 Meshing
Meshing is a necessary piece of the engineering simulation process where complex geometry is
partitioned into straightforward components that can be utilized as discrete approximations of the
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bigger area. The mesh impacts the precision, convergence and speed of the simulation. In the case
of meshing being precise, then, at that point the results are additionally expected to be practical.
Whoever, effective meshing has a great influence in simulation, referenced to comparative work
done of experimental and simulation, the work corresponded same (Baidoo Philip, 2020). The
present geometry is a mesh in ANSYS Software for the GDI and Dual injection engines.

0.000 0. 0.100(m)
0.025 0.075

Figure 5. Mesh of cylinder with single direct injector at BDC

This is an automatic mesh of a single injector computational domain at the bottom dead centre.
The mesh has 6694 nodes and 34806 elements.
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Figure 6. Mesh of cylinder with dual direct injector at BDC

This is an automatic mesh of a dual direct injector computational domain at bottom dead centre.
The mesh has 9272 nodes and 48752 elements.
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Figure 7. Mesh of cylinder with single direct injector at TDC

This is an automatic mesh of a single direct injector computational domain with the piston at top
dead centre. The mesh has 4885 nodes and 24589 elements.
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Figure 8. Mesh of cylinder with dual direct injector at TDC

This is an automatic mesh of a dual direct injector computational domain at top dead centre. The
mesh has element of 38073 and 7412 nodes having the element size to be 5.8473e-003 m.

2.4 Procedural Approach

Fluent launcher was also used to start the 3D version of ANSYS FLUENT with double precision
enabled for combustion and post combustion analysis. The imported mesh is checked to ensure
that the reported minimum volume is positive. Heat transfer is activated by enabling the energy
equation in the model. standard k-epsilon turbulence model is also selected from the viscous model
and finally, chemical species transport and reaction model is enabled in the species model. Eddy-
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dissipation in the turbulence chemistry interaction is enabled to compute the rate of reaction under
the assumption that chemical kinetics are fast as compared to the rate at which reactants are mixed
by eddies. Gasoline-air is selected in the species model and 1000J/Kg-K is entered for a constant
specific heat value in the Cp drop down. Intensity and hydraulic diameter are selected for
specification method for the air inlet zone. velocity magnitude of air is set to 0.5m/s, default setting
for turbulence intensity is retained at 10% and the hydraulic diameter set to 0.44m, the air
temperature at 300K and 0.23 for O2 species mass fraction. Intensity and hydraulic diameter are
also selected for specification method for fuel inlet zone. Fuel velocity magnitude of air is set to
80m/s, default setting for turbulence intensity is retained at 10% and the hydraulic diameter set to
0.01m, the air temperature at 300K and 1 for CisH29 Species mass fraction. The gauge pressure
value for the pressure outlet is OPa. intensity and hydraulic diameter is selected for its specification
method. Backflow turbulent intensity is set to 10% in the backflow diameter of 0.45m at a
backflow total temperature of 300K and 0.23 species mass fraction for Oz. Temperature of 300K
is selected for the thermal condition of the outer wall. The solution is first done with constant heat
capacity with the default solution parameters retained in the solution methods. Under -relaxation
factors for the species were set to 0.95 since the default parameters in ANSYS FLUENT are set to
high value. Plotting of residual during calculation is enabled in the monitor. Field variables are
initialized by computing from selecting all-zone from the drop-down list and the variables are
initialized. Calculation was started by requesting 500 iterations. For solution with varying heat
capacity, composition dependence of the specific heat is enabled by selecting mixing law from Cp
drop down in the properties group box mixture selection. This sis to ensure that specific heat of
the mixture is based on a local mass-fraction weighted average of all the species. Temperature
dependence of specific heat is enabled for CO2, Oz, CisHz9, and H20 by ensuring piecewise
polynomial in the Cp drop down is selected. 500 more iterations are requested and calculations
ran.

2.5 Species Transport Model

The governing transport equations, including mass, momentum, energy, and species
conservations, were solved numerically under steady-state and turbulent flow conditions with a set
of finite-rate reaction kinetics and eddy-dissipation rates.

In this study the Navier-Stokes equations are considered as

V.(pv) = —Vp+.- (T +)Si (1.1)
Where the stress tensor T is given by

T=p [(A 7+ viT) — g] V.3l (1.2)
and the porous media source term, S; is expressed as

1
S, = —(5Vi+CiplViIVi) (13)
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The permeability, @, and inertial loss coefficient, C, can identified as

_DF 9 35(01-9)
= 150 (_9)? and C, = D, o (1.4)

The continuity equation is expressed as follows:
V.(pv) =0 (1.5)

The energy transport equation is solved with the modification of the conduction flux, using the
effective conductivity, including turbulent contribution, as

V.(3(h +p)) = V. (kessVT — X hiJ,) + Sh (1.6)
Where the sensible enthalpy, h, and the effective thermal conductivity, k., are defined as
h = Z] Y]h] and keff = an[leff 2.7)

Similarly, the transportation of species is expressed as
V. (poY) = =V.(— (pDym +* )VY) + R (1.8)

Where i denotes the CO, COz2, Oz, CH4, Hz, H20, C, and Nz species, R; is the net rate of production
of the species i by chemical reactions, and Sc; is the turbulent Schmidt number, which is a ratio of
the turbulent viscosity to the eddy diffusivity. Because the flow was turbulent, a Reynolds-
averaging technique was employed to derive the Reynolds-averaged Navier-Stokes (RANS)
equations (Egs. (1.1) — (1.7)). Subsequently, the additional Reynolds stresses, representing the
effects of turbulence, introduced in Eq. (1.1), were modeled using the Boussinesq hypothesis
approach. It relates the Reynolds stresses to turbulent viscosity, pt, which is a function of the
turbulence kinetic energy, k, and turbulence dissipation rate, €. Subsequently, the two additional
transport equations for k and ¢ were solved simultaneously using the RANS equations. The RNG-
based k-g turbulence model, using a mathematical technique called a renormalization group
method, was more accurate and reliable, and can be expressed as

ok
—(Pkul) =— (ak.ueff Y ) L+ G — pe (1.9)
2
—(pg 1) - _(ae.ueff Ax ) + Cle (Gk) - CZSP% - Re (1.10)

The right-hand terms represent the diffusion, generation, and destruction, respectively. In these
equations, pefr IS the turbulent or eddy viscosity. The model constants C; . andC,, in Eq. (1.10) had
values derived analytically using RNG theory. These values are C;, = 1.42, C,, = 1.68.
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3.0 RESULTS AND DISCUSSIONS
3.1 Mass Fraction of Nitrogen (N2) at Late injection mode (Piston at BDC)

ANSYS

2021 M
ACADEMIC

e
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@
Figure 9. Contours plot of Nitrogen Mass Fraction of Single GDI

The mass fraction of Nitrogen gas in the cylinder before the start of combustion was at its highest
of 7.70e-01. The quantity of Nitrogen reacts during combustion leaving burnt mixture to have a
minimum mass of Nitrogen molecules. From fig 7.1, the minimum mass fraction recorded during

combustion is 3.21e-01 and the average mass fraction of oxygen gas that could be present in the
course of combustion is 5.46e-01.
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Figure 10. Contours plot of Nitrogen Mass Fraction of dual GDI

At the start of combustion, the mass fraction of Nitrogen is at its peak of 8.12e-01. The burning
mixture has the minimum mass fraction of Nitrogen of 7.21e-03 since it reacts with oxygen and
octane. As the flame propagates into the unburnt mixture, the Nitrogen molecules further reacts in
the burning process to an average of 4.1e-01.
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3.2 Mass fraction of Nitrogen (N2) at Early injection mode (Piston at TDC)

Figure 11. Contours plot of Nitrogen Mass Fraction of Single GDI

At the start of combustion, the mass fraction of Nitrogen is at its peak of 7.70e-01. The burning
mixture has the minimum mass fraction of Nitrogen of 3.09e-03 since it reacts with oxygen and
octane. As the flame propagates into the unburnt mixture, the Nitrogen molecules further reacts in
the burning process to an average of 3.87e-01.

contour-4
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Figure 12. Contours plot of Nitrogen Mass Fraction of dual GDI

At the start of combustion, the mass fraction of Nitrogen is at its peak of 7.70e-01. As the flame
propagates into the unburnt mixture, the Nitrogen molecules further reacts in the burning process

to an average of 3.85e-01. The burning continues until there is no more nitrogen in the combustion
chamber.
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3.3 Comparison of mass fractions of Nitrogen N in Single DI engine at early and late
injection modes

3.50E-01
3.00E-01
2.50E-01
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1.00E-01
5.00E-02
0.00E+00

DI (TDC) DI (BDC)

W Peak mass fraction

Figure 13. Mass fraction of Nitrogen of single GDI Engine operating modes

At the end of the combustion in the early injection mode, the mass fraction of nitrogen in the
combustion chamber is 3.09e-03 as against 3.21e-01 in the case of late injection. This indicates
that a little more nitrogen is used in combustion when the engine operates at early injection mode
to the disadvantage of NOx formation than in the late injection modes of the single GDI engine.

3.4 Comparison of mass fractions of Nitrogen (N2) in Dual DI engine at early and late
injection modes

8.00E-03
7.00E-03
6.00E-03
5.00E-03
4.00E-03
3.00E-03
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1.00E-03
0.00E+00
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W Peak mass fraction

Figure 14. Mass fraction of Nitrogen of dual GDI Engine operating modes

At the end of the combustion in the early injection mode, the mass fraction of nitrogen in the
combustion chamber is 0.00e+00 as against 7.21e-03 in the case of late injection. This indicates
that all the nitrogen is used in combustion when the engine operates at early injection mode to the
disadvantage of NOx formation than in the late injection modes of the dual GDI engine.
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3.5 NOx Production at Late injection mode (piston at BDC)
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Figure 15. Contours plot of NOx Mass Fraction—Prompt and Thermal NOx Formation of
single GDI

The peak concentration of NOx is located in a region of high temperature where oxygen and
nitrogen are available. The high concentration area has the highest mass fraction of NOx of 7.66e-
34. The moderate temperature, oxygen and nitrogen concentrated area has an average mass fraction
of 3.83e-34. The region of low temperature with lower oxygen and nitrogen has no mass fraction
of NOx formed there and records 0.00e+00.

With the mass fraction of 7.66e-34, the Mass-Weighted Average shows that the exiting NOx mass
fraction through the exhaust is 0.0
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Figure 16. Contours plot of NOx Mass Fraction—Prompt and Thermal NOx Formation of
dual GDI
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The peak concentration of NOx is located in a region of high temperature where oxygen and
nitrogen are available. The high concentration area has the highest mass fraction of NOx of 7.48e-
28. The moderate temperature, oxygen and nitrogen concentrated area has an average mass fraction
of 3.74e-28. The region of low temperature with lower oxygen and nitrogen has no mass fraction
of NOx formed there and records 0.00e+00. With the mass fraction of 7.48e-28, the Mass-
Weighted Average shows that the exiting NOx mass fraction through the exhaust is 0.0.

3.6 NOx Production at Early injection mode (piston at TDC)
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Figure 17. Contours plot of NOx Mass Fraction—Prompt and Thermal NOx Formation of
single GDI

The peak concentration. of NOx is located in a region of high temperature where oxygen and
nitrogen are available. The high concentration area has the highest mass fraction of NOx of 2.98e-
28. The moderate temperature, oxygen and nitrogen concentrated area has an average mass fraction
of 1.49e-28. The region of low temperature with lower oxygen and nitrogen has no mass fraction
of NOx formed there and records 0.00e+00. With the mass fraction of 2.98e-28, the Mass-
Weighted Average shows that the exiting NOx mass fraction through the exhaust is 0.0
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Figure 18. Contours plot of NOx Mass Fraction—Prompt and Thermal NOx Formation of
dual GDI

The peak concentration of NOx is located in a region of high temperature where oxygen and
nitrogen are available. The high concentration area has the highest mass fraction of NOx of 2.84e-
34. The moderate temperature, oxygen and nitrogen concentrated area has an average mass fraction
of 1.42e-34. The region of low temperature with lower oxygen and nitrogen has no mass fraction
of NOx formed there and records 0.00e+00. With the mass fraction of 2.84e-34, the Mass-
Weighted Average shows that the exiting NOx mass fraction through the exhaust is 0.0

3.7 Comparison of NOx mass fractions of single DI engines at early and late injection
modes

3.50E-28
3.00E-28
2.50E-28
2.00E-28
1.50E-28
1.00E-28
5.00E-29
0.00E+00

DI ( BDC) DI (TDC)

m DI (BDC) mDI(TDC)

Figure 19: Mass fraction of NOx of single GDI Engine injection modes

From Fig 19, the formation of NOXx in the single DI engine that injects fuel early is as high as
2.98e-28. On the other hand, the formation of NOx when the fuel is injected late in the single DI
engine is 7.66e-34 which is far lower. In sum, when fuel-air mixture is injected late into the single
DI engine, NOx formation is much improved as compared to early injection of fuel. The results
for the single GDI engine varies from the results of Zheng et al. (2007) that homogenous charge
reduces NOx production in the single GDI.
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3.8 Comparison of NOx mass fractions of dual DI engines at early and late injection modes

8.00E-28
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B Mass fraction of Nox

Figure 20: Mass fraction of NOx of dual GDI Engine injection modes

From Fig. 20, the formation of NOXx in the dual DI engine that injects fuel late is as high as 7.48e-
28. On the other hand, the formation of NOx when the fuel is injected early in the dual DI engine
is 2.84e-34 which is far lower. In sum, when fuel-air mixture is injected early into the dual DI
engine, NOx formation is by far improved than in the late fuel injection mode. This results agrees
with the findings of Zheng et al. (2007) that early injection mode promises the reduction of NOx.

4.0 CONCLUSION

Late injection for stratified charge could realize Gasoline Direct Injection (GDI) engine’s full
potential in terms of fuel economy and emissions. Current study shows that lean mixture creation
in the combustion chamber causes misfire, hydrocarbon and NOx emissions potentially weakening
the engine’s advantage over the port fuel injection (PFI) engines. This work explores the impact
of dual direct injection on NOx formation in a GDI engine at early injection mode. 2021 ANSYS
Design modeler was used for the geometry design, meshing, and employed ANSYS Fluent for
simulation, and numerical analysis

However, it is evident from the results that N2 content and its corresponding NOx production in

the dual direct injection engine is much lower during early injection modes as compared to when
same is injected late. Dual direct injection appears to amplify the fuel’s evaporative and cooling

effect to mitigate NOx production.
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