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ABSTRACT

Combustion in the lean regime is an efficient way to improve combustion efficiency, minimize the emission of
pollutants and fuel consumption. The drawback is that instabilities appear which may lead to extinction of the
flame or blow-out. Among the different methods for improving the flame characteristics at lean mixtures is the
application of electric field. The purpose of the present work is to elucidate experimentally the effect of electric
field on laminar partial premixed flame characteristics. Temperature distribution inside flame, flame geometry
(height and width), and reaction zone thickness were measured at different mixture strengths with and without
the application of electric field and its orientation. The results showed that under the effect of electric field, the
flame height decreases with enriching the mixture in the lean side, while the width increases with a higher rate.
The minimum difference between change of the flame height and flame width occurs at slightly rich mixture of
equivalence ratio equals to 1.03. The reaction zone thickness increases as the electric field is applied on the
flame. The change in temperature inside the flame when the electric field is applied is marginal. Electric field
makes flame stabilized until reaching a lean flammability limit (¢ = 0.67). Horizontal electrodes give a little
effect on the flame characteristics represented by temperature.
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NOMENCLATURE

AC Alternating current
DC Direct current

D Burner diameter (mm)

do Flame width without electric field (mm)
d. Flame width with electric field (mm)
LPG Liquid petroleum gas

L Total flame length (mm)

| premixed flame length (mm)

I, Flame length without electric field (mm)
le Flame length with electric field (mm)
MP Mega pixel

o) Equivalence ratio
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INTRODUCTION

Application of the electric field is important in many
aspects of research and practical applications. Among
important applications is the combustion process of
hydrocarbon fuel and its interrelation with electric
field. Over the last years an increasing interest to an
ability to provide different methods of combustion
control with application of external forces (electric,
magnetic) to the flame has been observed. Many
researches have taken place on behaviour of
combustion under the effect of magnetic fields [1-4]
providing the detailed study of the effects of gradient
magnetic field on the diffusion flame emission, flame
shape, luminosity and size, which are accepted as a
result of the paramagnetic and diamagnetic properties
of the flame species. The oscillation behaviour of
laminar lifted flames under the influence of low-
frequency AC has been investigated experimentally
in co-flow jets [5]. In this study possible mechanisms
for the large-scale oscillation and the frequency-
doubling behaviour have been discussed.

A strong dependency of the field induced reduction
of pollutants on the diameter of the electrode has
been found. With the optimized electrode
configuration the electric power necessary to achieve
a CO emission reduction of 90% was decreased by
almost one order of magnitude. Moreover, an
extended stability range was found and the overall
lean blow off limit could be shifted by about 8%
towards leaner operation. This enabled the combined
reduction of CO and NOx emissions by about 60%
and 40%, respectively [6].

The effects of DC electric fields on the stability of
downward propagating atmospheric  pressure
premixed propane—air flames that provide close
coupling of the electric field to the flame have been
carried out experimentally. The applied-electric field-
induced modification of the thermo-diffusive effect
could serve as a potentially attractive means of
controlling flame fluid-mechanical characteristics
and validating combustion instability models over a
wide range of equivalence ratios [7]. Also, the
chemical reaction rate, flow velocity, species mass
fraction distribution, flame deformation, and flame
temperature under the effect of DC electric field were
studied. It was resulted in that the flame
characteristics were changed by electric field mainly
due to the body forces acting on charged particles in
the electric field [18]

The stabilization characteristics of lift-off and blow-
off in non-premixed laminar jet flames in a co-flow
have been investigated experimentally for propane

fuel by applying AC and DC electric fields to the fuel
nozzle with a single-electrode configuration [8]. The
results showed that the detachment velocity could be
extended appreciably by applying the AC voltage to
the central fuel nozzle. Also, the increase in the AC
frequency improved the stabilization in the nozzle-
attached flame mode. The stabilization characteristics
of laminar premixed Bunsen flames have been
investigated experimentally by applying AC electric
fields at low frequency below 60 Hz together with
DC in the single electrode configuration [9,16]. The
blow-off behaviour with DC showed that it decreased
(increased) with positive (negative) DC, indicating
the influence of the ionic wind on flame stabilization.

The promotion of combustion reactions in diffusion
flames by inhomogeneous magnetic fields has been
investigated [10]. The effects of pulsed and
continuous DC electric fields on the reaction zones of
premixed propane-air flames have been investigated
experimentally [11]. All observed effects on the
flame are dependent on the applied voltage polarity,
indicating that negatively charged flame species do
not play a role in the perturbation of the reaction
Zone.

Numerical simulation for combustion in the presence
of an external electric field has been developed [12],
for understanding the mechanisms of the electric
field interaction with the flame. The sensitivity of the
flame lift-off height to the applied voltage was
studied and the modification of the velocity field
ahead of the flame base induced by the electric
volume forces was highlighted.

The effects of chemi-ion current induced flow
perturbations in a premixed, laminar propane/air
flame at atmospheric pressure have been measured
with 30 ms wide applied pulsed voltages [13]. It was
concluded that the applied electric field can cause an
otherwise laminar flame to transition-to-turbulence
regime as indicated by the widened flame brush
reaction zone.

The effects of DC electric fields on non-premixed
counter-flow flames with emphasis on flow
modifications caused by a bidirectional ionic wind
experimentally investigated [14]. It was found that
the original flow field separates near the flame when
it locates at a flow stagnation plane, resulting in a
double stagnant flow configuration. The influence of
the electric field on premixed turbulent jet flames at
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increased pressure was investigated [15]. The
improvement of the lean blow-off limit upon
application of an electric field was observed and
increased with pressure. The effects of dilutions of
N,, CO, and H,O on temperature and fields of
concentrations of OH in Benson flames of methane
fuel were investigated [17].

Evidenced by survey that many of the previous
researches have addressed the impact of electric field
on the thermal and physical properties of different
flame characteristics, but because of the disparities
among results and the lack of research on studying
the effect of electric field on the reaction zone
thickness and the emissions resulting from the
reaction and combustion, especially in a lean mixture
region and flame stabilization, a deep and rigorous
studies are required in this field. This is the
motivation to start an integrated research program in
laboratory of mechanical power engineering
department, faculty of engineering, Menoufiya
university to study all the parameters related to
electric field and its effect on the characteristics of
the types of flame (premixed or diffusion) either
physical or thermal. Therefore, a laboratory
experimental set up has been built up to carry out
various experiments. This study explores the first
part of this research program.

EXPERIMENTAL SET-UP
The focus of the current investigation is to study and

elucidate experimentally the effect of electric field of
moderate strength, 5 kV on the physical, chemical,
and thermal characteristics of laminar premixed
flame. For doing so, the relation between electric
field and thickness of reaction zone has to be studied
clearly, beside the limits of flame stability especially
at lean side. Therefore, series of experiments were
carried out on laminar premixed flame (LPG/ Air
mixture) in order to investigate the flame behaviour
when exposed to electric field. Experimental test rig
was designed and manufactured to facilitate
separation of variables affecting the phenomenon
under consideration. The following sections describe
such test rig components along with the interaction
between premixed flame and electric field, as
schematically shown in fig.(1).

Figure (1) Shows the experimental test rig facility
used in this study. The essential features of the set up
are a burner, fuel and air supply systems, pressure
regulators, U tube manometers and orifice meters,
traverse  system mechanism, and measuring
instruments.

TEMPERATURE MEASUREMENT

Temperature measurements are critical to this study
as they help to identify the electric field’s effect on
the combustion process occurring in the flame. They
also provide a means of characterizing the flame
structure, the zones of soot particle inception, growth
and oxidation within the flame. Thus, the temperature
was measured at various locations within the flame
for a given flame configuration. The measurements
were made at various radial and axial locations in the
flames studied. The specific goal is to establish the
temperature profiles characteristic of such flames and
to study the impact of the electric field on the
measured temperature distribution.

The thermocouple and traverse mechanism facilitates
its vertical and horizontal movement for the axial and
the radial measurements in the flame respectively.
So, a digital read out thermocouple of the type (k) for
measuring local flame temperatures is mounted on a
two-dimensional traverse system mechanism coupled
with a stepper motor that has an accuracy of 1 mm
radially and axially, and controlled by Arduino
system.

BURNER

As shown in fig.(2) burner was designed such that
the air enters the mixing chamber tangentially which
in turn provides high turbulence for mixing with fuel
entering axially. This enhances the mixing of fuel
and air, subsequently more homogeneous, efficient
combustion and desirable combustion characteristics.
The flow rates of both fuel and air are controlled and
measured by pressure regulators, U tube manometers,
and orifice meters that calibrated so as to prepare the
specified mixture with the required mixture strength.
A mixture of 60% Propane (C;Hg) and 40% Butane
(C4H;0) by volume respectively is supplied from
pressurized gas cylinder. The fuel density at 1 atm.
and temperature of 30° is 1.98 Kg/m3. The flowing
air is supplied from a pressurized tank charged by a
reciprocating compressor.

PRESSURE REGULATORS

For controlling the pressure of air and fuel before
entering burner a two pressure regulators were used
one for air and the other for fuel. Gas and air pressure
regulators were used only to regulate and maintain
the constancy of both air and fuel pressures during
their flow.

TRANSFORMER

The potential difference of 5 kV of alternating
current is produced by electrical transformer which
was fed to two electrodes oriented vertically and
horizontally around the flame to create alternating
electric field.

Engineering Research Journal, Menoufiya University, Vol. 41, No. 1, January 2018 17



Gaber M. Asar “BEHAVIOUR OF LAMINAR PREMIXED FLAME EXPOSED...”

Flame

2 Parallel !

electrodes \

Burner \ !

5kV AC
transformer

AC source

d

Burner :E\,)
holder
Pressure \
regulator Control
/ <«—Vvalve
il Pressure

Control
valve

U tube
manometers Steady compressed air

-
IIl" regulator

Figure (1) Layout of the Experimental Test Rig

FLAME IMAGES - A VISUAL ANALYSIS
Visual examination of combustion process at
different operating conditions was carried out by
using a digital camera and an analysis of the flame
shapes and heights was performed. Observations
such as the luminosity and the colour of the flames
together with the flame structure and its height
constitute the qualitative analysis.

Burner

/ tube

ine mesh
zixation flange

Fuel
orifice

(_fuel

Figure (2) Details of Burner Design

DIGITAL CAMERA

In present experimental work, full frame 24X36 mm,
DSLR camera was employed in order to capture the
flame image with highest possible dynamic range.
(Nikon D600, 24 MP, Lens (Sigma- macro 105 mm,

F2.8, frame rate of 5.5 fps, max shutter speed 0.25
ms) was used.

UNCERTINTY ANALYSIS

To ensure experimental repeatability for the
measurements, each test was carried out three times
and the averaged data were reported and employed to
conduct the uncertainty analysis. Uncertainty of air
flow rate and fuel flow rate measurements were
estimated to be about + 5% and = 4% respectively.
Temperature measurements uncertainty is within
10.1%. Uncertainty of flame length measurements is
+ 2.63%.

TEST CONDITIONS AND PROCEDURES

The operating and geometrical conditions under
which the experiments were carried out are shown in
table (1). The mixture strength of fuel and air was
changed by keeping the fuel mass flow rate constant
at all the experiments and changing the air flow rate
according to the specified mixture strength. At each
experiment the temperature mapping throughout the
flame was measured, as well as imaging the flame by
digital camera. The same measurements were
repeated with the same procedures but under
exposing the flame to electric field with changing the
orientation of two electrodes with respect to the
flame. The electrodes were vertical around the flame
with changing the gaps between them. On the other
hand the effect of horizontal orientation of electrodes
with respect to the flame was also investigated.
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Table (1) Operating and Geometrical Conditions

Variable Changing values

Equivalence ratio 14 [119]1.03]091

Vertical distances 40, 50, 60, 70, 80, 90, 100
between electrodes (mm) (mm)

Horizontal distances 40, 50, 60, 70, 80, 90
between electrodes (mm) (mm)

RESULTS AND DISCUSSION

PREMIXED FLAME CHARACTERISTICS
WITHOUT ELECTRIC FIELD EFFECT

FLAME HEIGHT

Flame height is the length of the flame from the
burner rim to the maximum apparent height of flame.
The relative flame height was found to be directly
proportional to the equivalence ratio (¢) as shown in
fig.(3a). As the equivalence ratio (¢) increases the
relative flame height increases either the outer flame
height (L) or the inner flame height (I) where relative
outer flame height includes the diffusion and
premixed region in the flame. This may be explained
as the rich mixture i.e. ¢ >1 leads to incomplete
combustion due to deficiency of oxygen. Therefore,
it leads to generate CO and H, products which mix
with surrounding atmospheric air and combust as
diffusion flame (outer part). The richer is the
mixture, the more is the generation of CO and H,
consequently the more length of flame. With regard
to the inner part (premixed), the greater the richness
of the mixture, the lower the flame temperature and
the lower the flame speed and reaction rate that leads
to the increase in inner flame length. Fig.(3b) shows
a picture of flame including both the premixed and
diffusion regions.

The inner flame height increases as the equivalence
ratio (¢) increases as shown in fig. (4). Relative inner
flame height (I/D) is defined as the ratio between the
inner flame height (1) to the inner burner diameter
(D) where D =14 mm.

REACTION ZONE

MEASURING REACTION ZONE THICKNESS
Reaction zone is the playground for combustion
process, where the most vital primary reactions
occur. It characterized by highest rate of radical
production which makes this zone illuminated, a
condition which distinguishing it from other flame
zones. Therefore, image processing technique is
employed to explore and measure the depth of this
zone. For this purpose, digital single lens reflex
(SLR) camera equipped with full frame sensor was
used. This type of sensor is capable to capture the
image with highest possible dynamic range and

consequently leads to isolate this zone with the aid of
suitable software.

In order to obtain more sharp image with narrow
depth of field, macro lens with 105 mm focal length
was used at wide aperture (f 2.8). All flame structure
dimensions illustrated in fig. (5-a). are measured via
image processing as follows. At the beginning, linear
scale for pixle size is assigned and therefore counting
the number of illuminated pixles inside reaction zone
enables to determine its thickness easily. Other flame
dimensions are obtained as well. Based on present
imaging technique and camera setting, each 1 mm
contains 20 pixles which equivalent to + 0.05 mm
accuracy. In order to obtain representative image for
inner premixed zone and to isolate the reaction zone,
wide aperture (f3) and high shutter speed (1/2000 s)
are setted up to capture the image with shallow depth
of field as shown in fig. (5-b). Sensitivity of the
sensor is raised to ISO 3200 in order to achieve the
correct exposure depending on radiant flame light
only. This is the reason for using full frame camera at
which this level of high sensitivity cannot be
achieved except in such type. The author believes
that this a new technique used for measuring the
flame reaction zone thickness.
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Height and Equivalence Ratio (¢)

The reaction zone is the region where the combustion
of fuel and air takes place. There is a relation
between this region and both of flame height and
equivalence ratio. It was noticed that the reaction
zone thickness is not constant along the flame length,
but its thickness varies from the bottom to the tip of
the flame. Actually thickness of this region increases
along the flame height until reaching the tip of the
inner cone height at this place the maximum reaction
zone thickness takes place as shown in fig.(6). Figure
(7) shows the average reaction thickness of the flame
as a function of equivalence ratio. One can observe
that maximum reaction zone thickness occurs at
(equivalence ratio ¢ = 1.03) slightly rich.

PREMIXED FLAME CHARACTERISTICS
UNDER THE EFFECT OF ELECTRIC FIELD
In this part of study the experiments were carried out
on the flame exposed to 5 kV AC through two
vertical electrodes parallel to the flame axis. The gap
between the two electrodes changes according to the
values in table (1). Ambient pressure and temperature
during experimental work were found to be 1.022 bar
and 36 °c.

Outer

flame Reaction

GE) thickness
<
T
Premixec. : =
zone : E § E’
g ¥
BurneL\~ ! ‘
@ (b)

Figure (5) Premixed Flame Structure

FLAME HEIGHT AND MAXIMUM WIDTH
Figure (8) illustrates the effect of electric field on the
length and maximum width of flame. It is clear that
the flame height decreases and the flame width
increases compared with the length and height of the
flame without electric field which leads to more
flame compactness. The percentage changes of both
length and width of the flame due to the effect of
electric are calculated according to the following
equations:

percnt change in flame length %

l,—-1
=——2x100 ()
ly
percnt change in flame width % (2)
d,—d
=—¢ "%°%1
s x 100

¢ =14 =119 A ¢ =1.03 Op=0.91

€
2 ‘
S i
a
21.6 i
S
=12
= | . (]
20.8 —— gt 1¢
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§ 0
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Relative Position with Inner Flame
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Figure (6) Reaction Zone Thickness
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Figure (7) Average Flame Reaction Zone
Thickness at Different ¢

Applying electric field on flame zone leads to
produce what called bi-directional ionic wind (due to
AC source). This ionic wind enhances the collision
frequency of reactant molecules and consequently
boosts the reaction rate. This may interpret the
shortening in the flame length. On the other hand,
electric field has significant effect on dielectric gases
like carbon monoxide. It contributes to attract the
charged molecules towards the electrodes
perpendicular to the flame axis. This in turn leads to
stretching the flame width.

INNER FLAME HEIGHT (PREMIXED)

The length of inner part of the flame (premixed)
decreases under the effect of electric field compared
with the length without the effect as shown in fig.
(9). This is attributed to the improvement of reaction
rate and the flame speed. It is also observed that the
electric field is more effective in rich side of mixture
strength than in lean side as well as the less effect
occurs at equivalence ratio of 1.03.
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EFFECT OF GAP DISTANCE BETWEEN
ELECTRODES ON INNER FLAME HEIGHT
The gap distance between the vertical plates was
changed from 40-100 mm with step 10 mm each. The
height of the inner flame (premixed) was measured at
equivalence ratio of 1.19 as shown in fig. (10). It is
noticed that at the gap distance of 70 mm, the relative
change in inner flame height is minimum but at gap
distances greater than or less than this distance, the
relative change in inner flame height increases with
respect to the height of the flame under no electric
field. This may be interpreted as follows; when the
gap distances increases beyond certain critical limit,
the intensity of electric field decreases and
consequently, its effect on the flame becomes
insignificant. Therefore, the flame tends to return to
its original height. It was observed also, that, when
the gap distance becomes shorter than this critical
limit, the effect of electric field gives the same trend.
The cause of this behaviour is not clear at the current
moment and needs more work to explore it. In
present work, the critical limit of electrodes gap was
found to be 70 mm at equivalence ratio of 1.19.

EFFECT OF GAP DISTANCE ON FLAME
HEIGHT AND MAXIMUM FLAME WIDTH
Figure (11) shows the effect of gap distance on
relative flame height and maximum flame width. It is
clear that the minimum relative flame height occurs
at 70 mm gap distance between the electrodes at the
same time the maximum flame width obtained at the
same gap distance. This is due to the stretching effect
of electric field on the flame.

EFFECT OF EQUIVALENCE RATIO ON
REACTION ZONE THICKNESS

The effect of electric field on the reaction zone
thickness at different equivalence ratios is shown in
fig. (12). It is clear that the reaction zone thickness
increases with induced electric field at all
equivalence ratios. It was found also that the
difference in reaction zone thickness in the two cases
increases towards the leaner mixture strength. This
can be attributed to that the reduction of fuel
molecules inside this domain leads to increase the
permeability of electric field, consequently increases
the momentum transferred to the reactant molecules.
Therefore, the molecular diffusivity increases which
leads to corresponding increase in reaction zone
depth. This proves the importance of electric field in
improving the flame stability for lean mixtures. It
was also observed that applying electric field leads to
increasing the width of premixed zone and
decreasing its height slightly as shown in figure (13)
aandb.

FLAME TEMPERATURE DISTRIBUTION
UNDER THE EFFECT OF ELECTRIC FIELD
Figure (14) shows the temperature contours
throughout the flame with and without the effect of
electric field at equivalence ratio of 1.03. This figure
accentuates the increase of flame width under electric
field as mentioned above.
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Figure (10) Effect of Gap Distance between
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Inner Flame Height at ¢ = 1.19
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EFFECT OF ELECTRIC FIELD ON FLAME
STABILITY AT LEAN SIDE

When the flame was exposed to electric field, it was
oscillated between vertical electrodes as the charge of
alternating current changed quickly. In order to
depict these oscillations, a high speed camera of
more than 60 fps is needed which was not available.
However, the measurements have been taken to study
how the flame would be stabilized and not
extinguished, especially at lean side of mixture
strength. It was found that the flame stayed stable
until the mixture strength approached to 0.67 of
equivalence ratio under the effect of electric field.
This result was very important because this will help
in increasing efficiency of fuel burning.

FLAME TEMPERATURE UNDER ELECTRIC
FIELD WITH HORIZONTAL ELECTRODES

The recorded data reveal that the effect of horizontal
electrodes was marginal on temperature inside the
flame. Figure (15) shows the change of temperature
at a single point for different equivalence ratios at
different horizontal electrodes span. It is obvious that

Temperature without
the Effect of Electric
Field.

Temperature with
the Effect of Electric
Field.

Figure (14) Temperature Distribution across
the Flame at ¢ = 1.03

the high level of temperatures were founded at
slightly rich mixture; also the variation of
temperature was within 15 °C in the range of the
different electrode span from 40 to 90 mm at
different equivalence ratios. This means that the
horizontal orientation of electrodes and distance
between them has little effect on temperature inside
the flame.
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Figure (15) Temperature Change with Different
Equivalence Ratios and Electrode Spans

CONCLUTIONS

The current study focused on the behaviour of
premixed propane flame exposed to electric field.
Therefore, experimental test rig was designed to
facilitate the control and measure of basic flame
parameters. Both equivalence ratio and electrodes
span were varied separately. Electrodes orientation
relative to flame axis was examined also. However,
the results revealed that the horizontal electrodes
position has trivial effect on the flame geometry. On
the contrary, the vertical position of the electrodes
has clear impact on the flame characteristics as
shown in the results. Other results are summarized as
follows.

1- The change in the inner cone height reaches its
minimum point at ¢ ~ 1.03 (slightly rich).

2- The change in temperature when the electric field
is applied vertically or horizontally is marginal.

3- The important impact of electric field is
increasing the reaction zone thickness and
reaction rate that leads to increasing heat release
rate.

4- Electric field makes flame stabilized until
reaching a lean flammability limit of (¢ = 0.67)
compared with (¢ = 0.74) at no electric field.

5- There’s a significant change in the flame height
with the effect of electric field as ¢ increases from
lean to rich side.

6- The increase in maximum flame width is greater
than the reduction in flame height with applying
electric field.
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