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Abstract. Owing to global climate change and atmospheric pollution, several automobile manufacturing
companies look for homogeneously charged engines to satisfy strict emission levels. In the present work,
computational fluid dynamics (CFD) investigations have been carried out to showcase the homogeneity of air-
fuel mixture formation by port fuel injection and manifold fuel injection of a Biogas-Diethyl Ether (DEE)
homogeneous charge compression engine (HCCI). The distributions of equivalence ratio based on fuel and the
total air-fuel mixture is formulated and found to be in close agreement with the literature. Earlier investigations
have shown that the use of biogas as a single fuel causes lower power output compared to other alternative fuels.
Hence the present study is planned to use biogas with DEE as an ignition improver via fuel injection systems to
find the best suitable fuel injection system. In the mesh independent study, port injection mode is found to
perform better against the manifold injection mode when compared with the homogeneity factor. Iso-volumes of
excess-air ratio based on biogas, diethyl ether and other variables such as the density, turbulent kinetic energy,
turbulent dissipation rate of air-fuel mixture influencing the homogeneity and equivalence ratio are studied for
better in-cylinder distribution under the port injection mode.
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1 Introduction

With every increase in the number of vehicles on the road,
there’s an overburden on the petroleum products which are
depleting, and hence the requirement for alternate fuels
comes into the picture. Biogas has remained globally a
renewable energy source and in oil crises, it’s going to act as
a promising alternative fuel, especially for diesel engines,
by substituting for a substantial amount of fossil fuels [1].
The properties of biogas are given in Table 1. Since biogas
has a high self-ignition temperature, it can not be inducted
alone as a fuel in compression ignition engines and hence
Di-Ethyl Ether (DEE) having low auto-ignition and the
boiling temperature is chosen as an ignition improver
together with lethargic fuels like biogas [2]. The important
properties of DEE are given in Table 2.

Homogeneous Charge Compression Ignition (HCCI)
combustion is one of all the foremost promising alternatives
to SI combustion and CI combustion and can be achieved
by premixing the air-fuel mixture and compressing it until
the temperature is high enough for autoignition to occur
[3]. HCCI has a high potential of achieving good thermal
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efficiency and low NOz emissions. The fuel is inducted into
the manifold together with the air so that it gets mixed with
it. The main motive of induction of the fuel into the
manifold is for homogenous charge preparation. This
homogeneous charge results in high thermal efficiency and
low NOz and smoke emissions.

Ryan and Callahan [4] experimentally determined the
range of conditions over which homogeneous self-ignition
and controlled homogeneous combustion can occur using
diesel fuel. He used a port fuel injection (PFI) system to
provide diesel into the intake air stream at various inlet air
temperatures and compression ratios. The results show
that satisfactory power settings are possible with high EGR
rates and stoichiometric fuel-air mixtures and concluded
that a low compression ratio is most fitted for port injected
diesel-fuelled HCCI engine. Garcia et al. [5] investigated
the effect of inlet charge temperature, cool EGR, injection
timings, and equivalence ratio on the performance of a
diesel-fuelled HCCI engine and evaluated the effect of cold
EGR on NOz, hydrocarbon (HC), and soot emissions in
HCCI combustion mode versus diesel mode and achieved
comparatively higher loads by using cool EGR in HCCI
mode. Chen et al. [6] introduced dual-fuel HCCI combus-
tion of natural gas with dimethyl ether (DME). They found
that by optimizing a proportion of DME and natural gas,
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Table 1. Properties of biogas.

Property

Value

Composition of biogas (% by volume)

Research octane number®

Flammability limit (vol. % in air)*

Flame speed (m/s)*

Stoichiometeric air-fuel ratio (kg of air/kg of fuel)”
Density at 1 atm & 288K (kg/m®)”

Auto-ignition temperature (K)”

Calorific value (MJ/kg)”

Methane (CH,) = 50-70
Carbon dioxide (CO,) = 25-50
Hydrogen (Hs) = 1-5
Nitrogen (Ng) = 0.3-3

Water vapour (H,O) = 0.3
Hydrogen sulphide (HS) in traces
130

7.5-11.7

21

6.05

0.91

1087

20.67

#For biogas containing 60% CH, and 40% COs.
SFor biogas containing 57.4% CH, and 42.1% CO.,.
*For biogas containing 73% CH, and 17.4% CO..

Table 2. Properties of DEE.

Properties Value
Formula CoH50C,H;5
Boiling point (°C) 35

Cetane number >125
Auto-ignition temperature (°C) 160
Stoichiometric air-fuel ratio 11.1
Density (kg/m?) 712.5
Viscosity (N's/m?) 2.3 x 107"
LHV (MJ/kg) 33.9

NOz emissions might be lowered to close zero levels. The
dual-fuel operation gave higher brake thermal efficiency
than that of CI mode. Nathan et al. [7] investigated biogas
HCCI combustion with the manifold injection of diesel.
They compared the results of biogas-diesel HCCI mode
thereupon of biogas-diesel dual fuel mode of operation.
This is due to the low wvolatility and high boiling
temperature of diesel; inlet heating was used for correct
mixing of diesel with manifold inducted biogas. They
concluded that biogas-diesel HCCI operation is superior to
the dual-fuel mode of operation during a BMEP range of
2.5-4 bar.

Mobasheri and Peng [8] introduced a modified
parameter called the “Homogeneity Factor of in-cylinder
charge” (HF) and proposed as a brand new measure in
combustion theory to investigate the combustion charac-
teristics and air-fuel mixing process of diesel engines. They
studied the effect of split injection parameters including the
number of injected mass and also the dwell delay between
injection pulses with different EGR rates and hence by

optimizing split injection configurations accompanied with
appropriate EGR rate, pollutant emissions were decreased
and controlled more accurately. Nandha and Abraham [9]
proposed a parameter named Degree of Heterogeneity
(DOH) to measure the degree of heterogeneity within the
mixture, which was shown to yield insight into the physical
process under study which was employed. The computa-
tional study was carried out to clarify quantitatively the
dependence of the mixture formation on the injection
timing employing a multidimensional model and therefore
the results indicate that there exists an optimum fuel
injection system timing to get a maximum degree of
homogeneity near TDC. Dimitriou et al. [10] extended the
research on air-fuel mixing behavior and the outcome of the
mixture quality on the emissions formation and engine
performance by developing the modified Homogeneity
Factor (HF). Its characteristics under various injection
conditions and air swirl motions within the cylinder are
investigated with CFD simulation. The results have shown
that air-fuel homogeneity is naturally affected by the
spatial and temporal fuel distribution within the combus-
tion chamber. Peng et al. [11] explored the Homogeneity
Factor (HF) of in-cylinder charge as an effective medium
for simplifying the control model structure. Based on multi-
pulse injection, the effects of operating parameters on the
Homogeneity Factor were investigated and the results
show effects of most operating conditions on the Homoge-
neity Factor are often analyzed with monomial variations
with an ideal correlation between Homogeneity Factor and
50% burnt location. Ramesh and Mallikarujana [12]
attempted to develop methods to evaluate the in-cylinder
mixture homogeneity by the CFD analysis. Here, global
and local in-cylinder fuel distribution and in-cylinder
fuel distribution index are used to evaluate the mixture
homogeneity. The results show that the global fuel
distribution (GFD) plot helps direct quantitative
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Fig. 1. Schematic of the experimental setup.
Table 3. Specifications of engine.
assessment of mixture distribution in various ER range.
However, the CFD analysis cannot explain the spatial Parameter Value
variation of fqel distributioq and doesn’t provide a mixture g ore and Stroke 87.5mm X SO mm
of homogeneity on a straightforward scale. Hence the . . .

o . : Cubic capacity 0. 481 Litre
motivation for the present work is to operate a single- ] ]
cylinder engine in biogas fuelled HCCI mode in a wide load ~ Working cycle 4-stroke diesel
range by using DEE as an ignition improver via both port ~Combustion principle HCCI
and manifold injected in the combustion chamber. Compression ratio 17:1

The objective of the current study is to find the peak pressure 7.5 MPa
homogeneity factor and the air-fuel equivalence ratio Maximum power 6 kW
contours, when biogas-DEE fuel is inducted via both port . p
and manifold injection in a HCCI engine at a constant MaXIum torque 25 Nm
speed of 1900 rev/min. The fluid parameters such as Operating speed 1900 rpm
density, pressure, velocities, turbulent kinetic energy, and Injection system Manifold and port injection
turbulent dissipation rate of the air-fuel mixture are Injector opening 2.5 bar

analyzed during the suction stroke. The grid and time step
independency tests are carried out to find the homogeneity
factor and the iso-volumes of equivalence ratio is computed
against the port and manifold injection cases.

2 Experiment and methodology

A single-cylinder, water-cooled, direct injection CI engine
is used for conducting experiments. The engine is coupled
to an eddy current dynamometer for loading and
measurement purposes. The engine setup diagram can
be found in Figure 1. The engine specifications can be found
in Table 3. The DEE is stored in an accumulator and is
injected into the intake manifold using an injector and hose
line of pressure 2 bar. An in-house built electronic circuit is
used for controlling the DEE flow rate. The biogas is
directly inducted through the intake manifold. The raw
biogas is replicated using methane and carbon dioxide in
the ratio 65 and 35 respectively. Both of them are
separately stored in cylinders and are injected in the
65:35 ratio using flow meters that vary the gases
proportions.

The engine is started by using DC motor which is
attached to the engine crank shaft with a mechanical
clutch. The DEE flow rate is varied with help of a

pressure (bar)

Fuel injection timing During suction stroke

potentiometer which controls the total time of injection.
The RPM of engine is made stable by changing the flow
rate of DEE. Once the rpm is stable, the fuel tank, which is
placed on a weighing machine measures the mass flow rate
of DEE. The amount of flow rate of the biogas is measured
using the flow meters. The temperature of the biogas-air
mixture is controlled using a heater of honeycomb
structure inside the intake manifold. The manometer
readings are measured for the flow rate of air. Exhaust
gases are analyzed. The variation of load is performed using
eddy current dynamo meter. The procedure is repeated by
progressively increasing the dynamometer load up to 15 N-m.
The engine performance characteristics and emission
characteristics are calculated for various loads.

3 Computational fluid dynamics methodology

Investigations on the homogeneity of air-fuel mixture could
be better analyzed using computational tools rather than
an expensive hardware. In this study, ANSYS FLUENT
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was used to the find the homogeneity factor and the spatial
distribution of equivalence rate of air-fuel mixture in the
combustion chamber. The cylinder, piston, valves and
combustion chamber are mapped to create two types of
meshes namely Cartesian mesh and tetrahedral mesh.
Boundary conditions are applied appropriately to simulate
the physics of air and fuel mixing inside the chamber. The
mesh and time independency tests were carried out with
different mesh types and different time intervals respec-
tively. The two phase approach was followed for continu-
ous air medium with di-ethyl ether (DEE) injection as
dispersed phase using Discrete Phase model (DPM), based
on Lagrangian approach whereas Eulerian approach is
followed for the continuous phase. Species Transport
Model is employed for the induction of methane-air
mixture in the combustion chamber. The boundary and
initialization conditions were set up based on the
experimental conditions. The engine speed was maintained
at 1900 rpm and throttle position was closed to analyze the
methane-air mixture with DEE spray distribution. To
accompany the fluctuations of transport variables, turbu-
lent intensity was allowed a maximum limit of 10%. The
biogas and DEE are varied for the same load and
approximately the same speed as per the experimental
conditions and is injected into the combustion chamber
only during suction stroke. The homogeneity factor [9] was
calculated based on the equation (1). Contours of the
equivalence ratio was also examined and mixture distribu-
tion in the cylinder was studied.

Homogeneity factor = 1 — DOH(0) (1)
where
Ncells 9
DOH(0) = [(@; —@,)"6m;]/ M
i=0
Ncells
i=0
Ncells

=0

where @, is the equivalence ratio and §m, is the mass of the
mixture in the computational cell i, N.qs is the total
number of computational cells, @, is the overall average
equivalence ratio of total mixture and M is the mass of total
mixture.

4 Results and discussions

4.1 Experimental results
4.1.1 Brake thermal efficiency (BTE)

Figure 2 demonstrates the variation of brake thermal
efficiency with the applied brake power. From the graph
(Fig. 2), it is observed that the increase in load escalates
BTE. This trend is mainly due to the fact of an increased
cylinder temperature and better combustion process at
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high loads; which in further resulted exothermic reactions
that releases huge amount of heat [13]. At 2.7 kW, manifold
injection showed an increase of BTE up to 21.8%. At
2.9kW, port injection showed an increase of BTE up to
28.7%. Brake thermal efficiency of air-fuel mixture when
inducted via port injection was better than manifold
injection having an increase of 6.9% BTE compared to
manifold injection. The main purpose of this experimenta-
tion is to validate the results with the CFD analysis to show
port injection is better than manifold injection.

4.2 Computational Study

The main aim of the study is to find the homogeneity factor
as per equation (1) in port and manifold injection modes.
Different mesh type and mesh sizes are chosen and shown in
Figure 3. The homogeneity factor is found to arrive for an
independent solution in every mesh size and type. Figure 3
shows the homogeneity factor variation with the mesh size
for port and manifold injection modes. The mesh
independency test was performed for cartesian mesh and
tetrahedral cells. The homogeneity factor arrived in the
port injection mode with cartesian mesh (0.74) is better
when compared with the mesh composed of tetrahedral
cells (0.71). Similarly in the mesh independency test for the
manifold injection system, the homogeneity factor of
cartesian meshing (0.68) is better as compared to the
tetrahedral mesh (0.51). The cartesian mesh allows the
transport of fluxes in an efficient manner due to orthogonal
faces at the boundary between the cells, whereas skewness
of the faces decreases the quality of the information in the
tetrahedral mesh type. The cartesian mesh of port injection
system cases could be automated with the robust technique
to create a boundary-conforming mesh even in the
complex, curved geometries [14]. Moreover, time steps
are also varied in the range from 107 to 107° seconds.
Courant number stability condition is maintained to avoid
divergence in the homogeneity factor of port injection
study. 1 microsecond time interval is included in the
simulation for the piston travel from TDC to BDC during
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the induction stroke. As the homogeneity factor obtained
using the port injection system is better as compared to
manifold injection, analysis is focused on the port injection
mode hereafter.

The study of excess air ratio or air-fuel equivalence ratio
is significant if the mixture involves more than a single fuel.
Figure 4a—f shows the excess air ratio (1) and spatial iso-
volume distribution of air-fuel mixture when inducted via
both port injection and manifold injection in combustion
chamber.

_ MAir
_Mgg*AFBG’

MAir

App = ——20
PEE = Mppe * AFpgg

ABG

M ir
Mpe * AFpe + Mpgr * AFpeg

ATotal =

where M refers to mass flow rate, BG refers to Biogas, DEE
refers to di-ethyl-ether and A refers to excess air ratio.
The above relations are obtained from Sudheesh and
Mallikarjuna [2].

The excess air-ratio contours in a slice observed at the
normal plane to the centre of cylinder (longitudinal
section) are shown in Figure 4a,c,e. The iso-volume
distribution in the cylinder is depicted in Figure 4b,d,f
for different of excess air- ratio as defined before. The
biogas is inducted at the intake of manifold, whereas di-
ethyl-ether is injected near the port. The distribution of
excess air ratio of biogas ranges from 4.46 to 8.36, as
observed in Figure 4a. Similarly the excess air ratio based
on di-ethyl-ether is found to vary from 13.5 to 13.7. Overall
the total excess air ratio ranges from 3.57 to 6.1. The iso-
volumes for the excess air ratio at 6.60, 13.55, 4.45 based on
the case such as biogas (BG), di-ethyl-ether (DEE) and
total (BG and DEE) are shown in Figure 4b.df
respectively. The above said contour slices and iso-volume
of excess air ratio give an overall observation for uniform
distribution towards mixture preparation inside the
cylinder. This information is essential for the preparation

of locally fuel-lean in-cylinder mixture at the time of
ignition since a sufficient mixing time is available to achieve
a large portion of premixed mixture [§].

The density of the air-fuel mixture plays an important
role in the combustion mode such as premixed (PCCI)/
stratified (SCCI)/homogeneous charge compression igni-
tion (HCCI). Figure 5 shows an almost uniform density
mixture and stratified pressure distribution in the cylinder.
This trend is mainly due to higher compression ratios
allowed for lower intake charge temperature and higher
intake density for higher output during HCCI combustion
[15]. Figure 5 shows the stepwise pressure variation of the
air-fuel mixture when inducted via port injection in
combustion chamber during suction stroke. From Figure 5,
it is observed that the maximum pressure reaches at
—200Pa. The downward movement of piston creates a
suction effect at the upper layer in the cylinder. However in
the compression stroke, the advancement of start of
ignition and combustion can occur before the top dead
centre during the power stroke in HCCI combustion.
This results in high fuel injection pressure due to
incomplete combustion of air-fuel mixture in the combus-
tion chamber [16].

The velocity components of gaseous medium in the
cylinder indicate the swirl and tumble motions for the
preparation of local mixture. Figure 6a—c shows
the velocity components along the X, Y, Z directions.
The variations of the air-fuel mixture when inducted via
port injection in combustion chamber during suction stroke
indicates the vertical motion is significant as compared to
the horizontal plane motion. Maximum velocity in X, Y
and Z direction was found to be 15m/s, 11m/s and 25 m/s
respectively near the valve opening location. This trend is
mainly due to high rate of air entrainment and mixing
which results in favourable spray structure and better
combustion [17].

Turbulence in the cylinder is essential for the shear and
split of a ignition improver such as di-ethyl-ether. Figure 7
(left) shows three slices in which the kinetic energy due to
turbulence varies by two orders of magnitude. High degree
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turbulence is noticed near the valve location, which is
mostly observed from literature. It is also observed that the
turbulent kinetic energy (TKE) was found to lie between
the range from 23 to 34 J/kg. The increase in turbulent
kinetic energy is a clear indication of the improved
combustion and faster burn time leading towards a more
suitable combustion, essential in the HCCI strategy [18].
The dissipation of turbulent energy is shown in
contours at the right of Figure 7. It is observed that the
maximum value of turbulent energy dissipation reaches
close to 10000 m?/s*, indicating a trend towards achieving
the homogeneous charge in the cylinder. This trend is
mainly due to the increase in swirl ratio of air-fuel mixture
in the combustion chamber up to certain extent [19,20].
CFD analysis proves to be fruitful in the simulation of
HCCI mixture preparation during the intake stroke. The
heat transfer process during the momentum exchange
under the wall boundary conditions presents an interesting
study as explored by Rajesh and Jacob [21]. The shape
deformation modelling and optimisation procedure was
applied to a car engine air intake port using CFD solver
Fluent [22], as explored in the present study.

5 Conclusion

The present study has been carried out to investigate the
homogeneity factor by manifold and port injection modes
during the induction period and suction stroke. The
homogeneity of the air-fuel mixture in the HCCI engine is
successfully computed and presents the novelty in this
study. The following observations are arrived through both
experimental and computational investigations:

— The mesh and time independency tests were performed
on different mesh types and different time intervals by
varying the mesh counts and time counts respectively in
both the manifold and port injection modes. The
homogeneity factor of the air-fuel mixture in cartesian
meshing system under the port injection mode was 40%
more as compared against the manifold injection with the
cartesian mesh.

— On comparison of port fuel-induced injection and
manifold fuel-induced injection, the iso-volumes of the
air-fuel equivalence ratio contours (i.e. the spatial
distribution of air-fuel mixture) was found to be better
when inducted via port injection with a variation of 30%
w.r.t manifold mode.

— Different variables such as density, pressure, velocity,
turbulent kinetic energy and turbulent energy dissipa-
tion rate of the fuel mixture inducted via port injection
are analysed during the suction stroke.

— Experimental study was conducted by the same port and
manifold injection modes in which the port injection
gives rise to 25% rise in brake thermal efficiency.
Computational fluid dynamics studies reveal the in-
cylinder distribution of excess-air ratio and turbulence to
provide the insight into the physics and valid reasons for
further optimization.

Future scope

The further improvement in the research can be the
addition of turbocharger to achieve more pragmatic
results. Also, full cycle CFD analysis including combus-
tion can be studied to compare the onset of maximum in-
cylinder pressure and ensure the effectiveness of combus-
tion. Moreover, studies could be focused on the combus-
tion timing and the engine operating zone for HCCI
engines towards reliable and accurate results. Other
alternate ignition improvers can be inducted as secondary
fuel instead of DEE such that various performance,
combustion and emission characteristics can be analyzed
and best results can be opted for the respective ignition
improver.
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