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Abstract The present study experimentally investigates the combustion characteris-
tics of a multi-cylinder MPFI spark ignition engine fuelled by gasoline under uniform
magnetic fields. Permanent magnets made of N38 grade NdFeB are used to magnetize
the liquid phase hydrocarbons and the impact produced on combustion character-
istics like in-cylinder pressure and net heat release rate are studied under different
speeds and load conditions of the engine operation. Three different magnetic inten-
sities (3200 G, 4800 G, and 6400 G) are employed in two different magnetization
patterns (axial and radial) at an inbuilt ignition timing of 5 deg bTDC. Magnetic field
assisted combustion is observed to enhance the performance characteristics of the
engine, while simultaneously reducing the exhaust emissions to a significant level. A
statistical analysis of cyclic fluctuations in magnetic field-assisted combustion is also
made which shows a reduction in fluctuations (COV) with the application of each
stage of ionization. The increase observed in peak pressures and heat release rates
along throughout the combustion cycles with reduction in cyclic variations indicate
that magnetic field-assisted combustion exhibits better combustion characteristics as
compared to normal gasoline combustion.
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Nomenclature

COov Coefficient of Variation

G Gauss

IMEP  Indicated Mean Effective Pressure
NHRR Net Heat Release rate

P Pressure (N.m2)

Greek Letters

6 Crank angle location

v Mean of data population (Pa.s)

o Standard deviation of data population
Subscripts

Max Maximum

1 Introduction

The accelerated depletion rate of conventional energy sources and the stringent regu-
lations in exhaust emissions have made the researchers around the globe to focus on
methods to enhance the combustion efficiency of the fuels. These methods include
physical and chemical treatment of fuels, engine coatings, exhaust gas recirculation,
catalytic reduction etc. Magnetic field-assisted combustion is an under-investigated
technology of physical treatment of the fuel just before the injection into the cylinder.

Any hydrocarbon fuel is a molecule-by-molecule compound. These molecules are
made up of atoms, which are made up of nuclei and electrons. These molecules form
a cluster within themselves and will not actively interlock with oxygen molecules
during combustion [1]. On the application of an external polarizing field, electrons
are excited into states with a higher principal quantum number, resulting in the
generation of a magnetic moment [2]. The induced magnetic moment alters the
nuclear spin orientation and converts normal paramagnetic hydrogen molecules into
the more reactive and unstable ortho state, resulting in the debilitating of Vandervaal’s
bonds and thus the de-clustering of the clusters formed due to intermolecular forces
of attraction [2]. Subsequently, the penetration of oxidant to hydrocarbon structure
is enhanced which will result in the active interlocking between fuel and oxygen
molecules, ensuring complete combustion [3].
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In the thermodynamic perception, fuel consumption of an engine is directly depen-
dent on the values of combustion enthalpy. This combustion enthalpy is quantified
using the bonding energy of reactants and products [4]. The polarizing field is found
to alter the bonding energies of fuel molecules, thereby effecting the combustion
enthalpies and subsequently reducing the consumption of fuel [5]. The applicability
of magnetic polarization in increasing the energy efficiency of fishing vessels was
examined by Gabina et al. [6]. Their experiments on three compression ignition
engines yielded that the fuel consumption was found to decline at higher loads in-situ
conditions. The impact of magnetic fields on hydrocarbon-based R600 refrigerant
and non-hydrocarbon-based R134A for a vapor compression system was experimen-
tally analyzed by Khedawan and Gaikwad [7]. Fuel economy improved and exhaust
concentration decremented for hydrocarbon-based refrigerant upon polarization [8].

Gad [9, 10] experimentally studied the impact of exposure of polarizing magnetic
fields on a single cylinder, four-stroke Kirloskar CI engine at full load and no load
conditions. The fuel economy improved by 3 to 8.5% from no load till full load
conditions. The emission of Carbon monoxide showed a reduction of 10% and 4.5%
whereas oxides of nitrogen declined by 13% and 24% respectively. The influence
on the combustion and emissions of a generator fuelled by diesel when a magnetic
tube is incorporated in the fuel intake was examined by Chen et al. [11]. Kurji and
Imran [12] installed permanent magnetic assembly before the injection pump in a
single cylinder four stroke CI engine and observed a reduction of 15.71% in the
consumption of fuel induced due to reduced surface tension due to applied fields.

The operating parameters of spark ignition engines are limited by cyclic varia-
tions. The flame propagation in SI engines is dependent on condition of the mixture
and airflow in the region of sparking at the time of spark which directly influences
cyclic variations. Aydin [13] concluded that average laminar flame velocity, inten-
sity of turbulence, and velocity are the elements that influence cyclic fluctuations in
combustion. Ceviz et al. [14] studied the impact of AFR on cyclic variations in a lean
combustion system. Their results prove that an increase in air—fuel ratio will result
in increased cyclic variations. Studies have proven that a surge in power harvest for
the same amount of fuel consumed can reduce cyclic variations in combustion [15,
16]. From early days, combustion in an engine is studied in terms of cylinder pres-
sure. The magnitude (Ppnax) and location of maximum pressure (O,max) are the most
commonly utilized parameters for analyzing combustion. The major downfall in the
case of parameters derived directly from pressure is the insufficient knowledge of
on-going cylinder processes [17]. Coefficient of Variation of IMEP is an effective
parameter that indicates engine behavior because it visualizes the torque fluctua-
tions [18]. Experimental studies on the combustion and emission characteristics of
an MPFI engine fuelled by liquid phase and gas phase fuels proved that magnetic
polarization is beneficial in enhancing the performance characteristics [19-23]
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2 Description of Experimental Rig and Instrumentation

The experimental setup and instrumentation consists of a multi-cylinder four stroke
engine of Maruthi Zen as depicted in Fig. 1. The required load to the engine is applied
by an eddy current dynamometer and imperative instruments for sensing combustion
pressures and corresponding crank angles are provided. The signals obtained from
these instruments are interfaced to the PC using NI-based USB-6210 data acquisition
system. IC Engine Soft V15.0, commercially available combustion analysis software,
is employed for online combustion evaluation.

High-grade NdFeB magnets are installed on the fuel line using special fixtures to
produce the required magnetization pattern. The losses in magnetic intensity during
the operation are prevented through the administration of a stainless steel covering to
the magnetic assembly. The cyclic variations in combustion are studied under axial
and radial patterns of magnetization.

The magnetic intensity of permanent magnets is measured using a gauss meter
which is named after the great scientist Carl Friederich Gauss. The modern Gauss
meter is an advanced version of Gauss’ magnometer. It consists of a gauss probe,
the meter, and a cable for connection and works on the principle of Hall effect. To
measure the magnetic intensity, the instrument is switched on and the probe which is
available on the end is placed on the magnet to be measured. When the magnet is slid
over the sensor, the highest rating picked up on the meter is noted which corresponds
to the Gauss value of that particular magnet. Both the intensity and direction of
magnetic fields can be measured using this instrument.

The instruments are calibrated before they are used in the experimental data collec-
tion. The dynamometer, load cell, exhaust gas analyzer, and the pressure transducer
are calibrated by their respective suppliers. The repeatability of data is ensured when
the experiment is conducted. Prior to the data acquisition, the engine is operated for
some time to reach steady state operation. Experimental error is minimized by taking
average value of three readings at each test points. Periodic leak checks are done for
LPG fuel line and injectors to ensure safety. Fire extinguishers are provided near to

F1: fuel flow DP unit

F2: air intake DP unit

F3: Rotameter (Engine)

F4: Rotameter (Calorimeter)
T1: cooling water inlet temp
T2: cooling water outlet temp
PT: Pressure Transducer

N: rpm decoder

Wt dynamometer load

Fig. 1 Schematic representation of engine test rig and associated parts
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the rig in case of any occurrence of fire. Storage devices like HDD are kept away at
a safe distance from the strong magnetic field. A warning board is also hung to keep
away people with pacemakers from the impact of magnetic fields.

3 Analysis of Combustion Parameters and Combustion
Stability

The heat release analysis is effectuated on the basis of first law of thermodynamics
with the intake and exhaust valves closed making the engine a closed system.
The cylinder contents are considered to be a single zone of which the thermo-
dynamic properties are uniform and constituted by mean values. The first law of
thermodynamics as applicable to this case can be expressed as

where Q is the heat transferred (J), p is the pressure (Pa), V is the volume (cubic
meter), mi is the mass of injected fuel, hi is the enthalpy (J/kg), and U is the internal
energy (J). The only mass which is crossing the system boundary is the injected fuel
and hence the mass-enthalpy term in the expression can be reframed to mass of fuel
enthalpy. Using a simplified assumption that the net heat release is the difference
in energy released from combustion and the energy lost to the walls through heat
transfer, the above equation can be reframed to

do dv dU
L

dt dt dt

If a further assumption can be made that the contents of the cylinder can be
modeled as ideal gas

do dv n dr
—_— = —_ mc, —
a  Par Yt
In which c, corresponds to the specific heat at constant volume. The temperature
term in this expression can be eliminated by differentiating the ideal gas law because
temperature term is mostly unavailable in pressure analysis.

dQnet y dv 1 dp

dr y—1" dt y—1 dé
In this equation, y corresponds to the ratio of specific heats and Q. is the net
heat release rate in J/deg. In a spark ignition engine the value of y is obtained by
matching single zone model analysis to a two zone model analysis for various fuels.
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Heat transfer in the combustion chamber occurs by both convection and radiation
in between the burning gases, cylinder walls, cylinder head, intake, and exhaust valves
and piston during the working cycle. Among the two modes, convection comprises
the major part. Considering the impact of heat transfer to the walls of combustion
chamber, the gross heat release is expressed as

dQGross _ dQNet + tht

do de dé

4 Results and Discussion

The combustion characteristics of an engine are best represented using in-cylinder
pressure variation and net heat release rate with respect to the crank angle locations.
Here, the cyclic variations in combustion are analyzed at four different speeds of
the engine (3500 rpm, 3000 rpm, 2500 rpm, and 2000 rpm) and full load condition.
Figures 2, 3, 4, and 5 show the average cylinder pressures in 100 consecutive cycles
at four engine speeds and four stages of axial magnetization (no magnetization, 3200
G, 4800 G, and 6400 G).
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Fig. 2 In-cylinder pressure at 3500 rpm
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Fig. 3 In-cylinder pressure at 3000 rpm
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Fig. 4 In-cylinder pressure at 2500 rpm
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Fig. 5 In-cylinder pressure at 2000 rpm

4.1 Combustion Characteristics Under Axial Magnetization
Pattern

It can be observed that there is a small variation in pressures between the magne-
tized and non-magnetized conditions even though the engine is operated under the
same fuel and at the same speed. The peak pressure is found to increase with each
stage of magnetization and is maximum at 6400 G for all the speeds. The highest
value of cylinder pressure observed (Pp,x) is 23.23 bar at 3500 rpm and at 6400
G magnetic intensity, which is 2.75% higher than the case of same engine speed
without magnetization. The increase in peak pressure indicates the enhancement of
combustion properties with higher intensities of magnetization.

The stability of combustion is one of the most important parameters to be analyzed
whenever a modification in fuel or operating parameters is experimented on an
engine. The extent of lean burning and tolerance of EGR are all subjected to the
stability of combustion. Although the stability of combustion could be deduced from
the engine performance and emission data, a substantial and conclusive evidence of
it can be made through a statistical analysis of coefficient of variation (COV) of indi-
cated mean effective pressures and peak pressures during the working cycle (Figs. 6
and 7).

The NHRR characteristics for experimented speeds of the engine at full load
operation and all the tested intensities of axial fields are shown in Figs. 8, 9, 10,
and 11. The net heat release rate is an effective means to analyze the combustion
phenomena critically. This parameter has the advantage of identifying combustion



Analysis of Cyclic Variations and Combustion Behavior of Liquid ... 131

30
= no mag
e ax 3200G
25 4 A ax 4800G
v ax 6400G
20
x
m
E 154
S
O ) p
S 1o- !
4
5 ' -
0 v r . . . .
2000 2500 3000 3500
Engine speed (rpm)
Fig. 6 COV of P,y in axial magnetization
14 = no mag
e ax 3200G
12 A ax 4800G
v ax 6400G
10
&
% !
SR
O 6- o 5 X 1
o !} -
44 i . :
_I' v v
24
0 T T T T T 1
2000 2500 3000 3500

Engine speed (rpm)
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Fig. 8 NHRR at 3500 rpm in axial magnetization
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Fig. 9 NHRR at 3000 rpm in axial magnetization
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indicators like ignition delay, duration of combustion, rate of heat release, and its
crank angle locations.

As seen in the figures, the rate of heat release increases with increasing intensity
of magnetization. Though the duration of heat release has not varied, the locations
of maximum heat release vary with higher intensity of magnetization. This may
be due to the fact that hydrocarbons have realigned themselves on subjected to
magnetic fields, breaking the normally occurring clustered structure, thus making
the combustion more efficient.

4.2 Combustion Characteristics Under Radial Magnetization
Pattern

In the second stage of experimentation, the cyclic variations in combustion are
analyzed under radial magnetization pattern. The engine is operated under the same
load and speed conditions as in the case of axial magnetization. Figures 12, 13, 14,
and 15 represent the variation in in-cylinder pressures in 100 consecutive cycles
under four stages of radial magnetization.

As observed in the case of axial magnetization, the cylinder pressure increased
with the increase in intensity of applied magnetic field and is maximum in the case
of 6400 G. The highest magnitude of cylinder pressure observed (Ppax) is 23.91 bars
at 3500 rpm and at 6400 G magnetic intensity, which is 4.89% higher than the case

24 no mag
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21 4 / rad 4800 G

J rad 6400 G |

P (bar)

T T
400 450

CA (deg)

Fig. 12 In-cylinder pressures at 3500 rpm in radial magnetization
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Fig. 13 In-cylinder pressures at 3000 rpm in radial magnetization
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Fig. 14 In-cylinder pressures at 2500 rpm in radial magnetization
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Fig. 15 In-cylinder pressures at 2000 rpm in radial magnetization

of same engine speed without magnetization. When both the magnetization patterns
are compared, the peak pressure in the case of radial magnetization is 2.14% higher
than that in the case of axial magnetization. This may be due to the fact that the radial
magnetization pattern is shown to produce more underling torque and torque ripple
than an axial field of similar intensity [24] (Figs. 16 and 17).

The statistical investigation of fluctuations of P.x and IMEP throughout the
combustion cycles shows analogous results as in the case of axial magnetization.
The damping of fluctuations in maximum pressure and mean effective pressures is
due to the enhancement in combustion and yielding of more output power for the
same amount of fuel burnt.

The analysis of NHRR also provides similar information on combustion character
in radial pattern. The peak location of heat release regularly increased with each stage
of magnetization and is maximum in the case of 6400 G. This increase in combustion
efficiency due to magnetization reflects in the operational characteristics and thermal
efficiency of the engine as well. The NHRR characteristics under radial magnetization
are shown in Figs. 18, 19, 20, and 21.

The heat release pattern and the duration of heat release are found to be similar in
both cases of magnetization. The higher rate of heat release may also be attributed to
the increased penetration of oxygen molecules into the interior carbon atoms in the
hydrocarbon chain [20, 25]. However, the ability of radial magnetization to decluster
and re-align the hydrocarbon molecules is higher when compared to axial pattern
and this results in efficient combustion.
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Fig. 18 NHRR at 3500 rpm in radial magnetization
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Fig. 19 NHRR at 3000 rpm in radial magnetization
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Fig. 20 NHRR at 2500 rpm in radial magnetization
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5 Conclusions

An experimental study was conducted on a multi-cylinder MPFI engine to analyze
the combustion characteristics of gasoline under four stages of intensities and two
patterns of magnetization. The major findings of the experimental study can be
summarized as:

e Increase in intensity of magnetization results in higher in-cylinder pressures and
Prax values in both patterns of magnetization.

e The rate of heat release increased with increased strength of the applied magnetic
field. However, the heat release pattern and the duration of combustion remained
similar.

¢ Radial magnetization pattern is found to increase the peak pressure value by 4.89%
whereas axial magnetization is found to enhance the same by 2.75%. The net heat
release rate under radial magnetization is also found to be higher than that of axial
magnetization.

e The statistical investigation of fluctuations of P,,x and IMEP throughout the
combustion cycles shows that the fluctuations and cyclic variations in combustion
reduce with increase in intensity of the applied magnetic field and also with a
change in magnetization pattern to radial fields.
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