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ABSTRACT: The most significant property of the premixed counter flames is the velocity of burning. The
velocities laminar burning take vital roles in the determination of several significant features of the process of
combustion in the spark ignition engines; among them are the delay of ignition, the quenching distance,
propagation rates, and the minimum ignition energy. This property was studied using three types of nozzle, the
laminar burning velocities of LPG-air for angle of nozzle (30º) were found to be lower than those of the angle of
nozzle (60º), through the range of the experimental equivalence ratios. In addition, the distance between the
counter burners was investigated and the flame front was isolated by using nitrogen. Also, the measured
velocities of burning were compared with those of other investigators, proposing there were a good agreement
between the current data and those of other investigators.
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INTRODUCTION
Combustion remains the means by which most energy conversion occurs. The combustion process is present in
major industrial systems (power generation, and blast furnaces), ubiquitous in the transportation industry (space
travel, aviation, ground and sea transport) and in house-hold applications (food preparation, and hand-held
lighters). In practical industrial applications, combustion occurs in the turbulent regime, a fact that leads to the
importance of research into the science of turbulent fames.
But any work in turbulent, combustion must begin with a discussion of laminar flames.
A laminar flame is a fundamental combustion phenomenon. Under ideal conditions, a laminar flame is a thin,
nearly one-dimensional surface through which reactions occur and temperature rises.
Hot products are converted downstream of the flame, and temperature diffuses upstream, to the so-called preheat zone and heats incoming reactants. The structure of the laminar flame was described by Mallard and Le
Chatelier's thermal flame theory [1], and a propagation speed for the flame surface, SL, was deduced. Mallard
and Le Chatelier expressed this flame speed as a function of thermal diffusivity, ∝, reaction rate,
and
temperature, T:

Where,
is the burned temperature,
reactants [2].

is the ignition temperature and

is the temperature of unburned

Conceptually, Mallard and Le Chatelier indicated that the heat conducted from reaction region shown in the
figure (1) equals to that essential to increase the unburned gases to the temperature of ignition. If it’s assumed
that the temperature curve slope is linear, the slope can be approached via the expression [(Tf - Ti)/δ], where Tf
is the final or flame temperature, Ti is the temperature of ignition, and δ is the reaction zone thickness. The
enthalpy balance is then [3]:

Where:
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Thermal conductivity
Mass rate of unburned gas mixture inside the combustion wave
Unburned gases temperature
: Cross-sectional area, which is taken as unity
Because the problem as defined is essentially 1D, then

Where:
Density
u: Unburned gases velocity
Laminar flame velocity
Since the unburned gases go into normal to wave, via the definition:

The eq. (2) is then:

Or

The eq. (6) is the formula for the obtained velocity of burning via Mallard and Le Chatelier. Unluckily, in such
formula, isn’t recognized; thus, a better depiction is needed.
Because δ is the thickness of reaction region, it’s likely to relate to . The whole rate of mass per unit area
going into the region of reaction should be the consumption mass rate in that region for the problem of steady
flow being regarded [3].

Where,
identifies the rate of reaction as a function of concentration (in gm/cm3) per unit time. The eq. (6) for
the velocity of flame is then

Where, it’s significant to realize that
is the density of unburned gas and
is the thermal diffusivity.
Further basically, the reacting fuel blend mass that consumed via the laminar flame is characterized via:

Combining equations (7) and (9), one can find that the thickness of reaction into the whole flame wave is:

This modification of the simple Mallard–Le Chatelier method is highly important in that the outcome is too
beneficial in the estimation of the phenomena of laminar flame as the different chemical and physical factors are
varied.
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Figure 1. Flame structure, temperature and heat-release rate profiles [4].
VELOCITY OF LAMINAR BURNING
The traditional device for generating a laminar premixed flame is the Bunsen burner depicted in figure (2). The
gaseous fuel from the supply of fuel goes throughout an orifice into the mixing chamber, in which the air is
entrained throughout adaptable openings from outside.
The cross-sectional area of the orifice of fuel may be adapted via the needle movement throughout an adjusting
screw into orifice. Thus, the jet velocity that enters into the blending chamber may be changed, and the air
entrainment and the blending can be optimized. The blending chamber should sufficient in length for generating
a premixed gas distributing from the Bunsen tube into environs. When the distributing flow velocity is bigger
than the velocity of laminar burning, to be described below, a Bunsen flame cone creates itself at the top of tube.
It denotes a stable premixed flame that propagates vertical to itself with the velocity of burning
into the
unburnt blend. The kinematic stability of such operation is revealed for a stable oblique flame in figure (3).
The approaching flow velocity vector
of the unburnt blend (subscript ) is splitting into two components, a
component
that’s tangential to the flame and a component
that’s normal to the front of flame. Owing to
the thermal development inside the front of the flame, the component of normal velocity is raised, because the
density
of mass flow throughout the flame should be similar in the unburnt blend as well as in the burnt gas
(subscript b) [5].
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Figure 2. The Bunsen Burner [5]

Figure 3. Kinematic for a Steady Oblique Flame [5]

Therefore:

The tangential velocity component

isn’t influenced via the expansion of the gas and leftovers the similar:

Then, the vector addition of velocity components in the burnt gas, figure (3), results in
direction, which is refracted from the unburnt blend flow direction.

that points into a

Eventually, because the front of flame being constant in such experiment, the velocity of burning
with
reverence to the unburnt mixture should be equivalent to the unburnt mixture flow velocity that is vertical to
the flame front.

With the cone angle of Bunsen flame in figure (2) represented via
it follows:

the normal velocity is

and

This permits to experimentally obtain the velocity of burning via the measurement of the angle of cone
beneath the state that the velocity of flow vu is homogenous through the exit of tube. When this isn’t the state,
the angle of flame also changes with the radial distance, because the velocity of burning
is basically
constant [5,6,7].
Powlings [8] was firstly attempted the measurement of the velocity of laminar burning with a flat flame and
counter disc flame. Upon such burner, a one-dimensional flame is stabilized upon a porous metal disk at the
water cooled flow tube exit. Botha and Spalding [9] enhanced the technique via cooling the porous disk.
This supplementary cooling gets the flame nearer to the porous disk. The authors measured the cooling water
temperature increment. For determining the velocity of laminar burning, some tests at various rates of cooling
require to be conducted. The gas velocities’ values are drawn versus the rates of cooling.
Then, the resulted curve is extrapolated to a zero rate of cooling for obtaining the velocity of the laminar
adiabatic burning. By experiment, the state of a zero rate of cooling cannot be performed via such burner, since
the flame gets unbalanced and will blow off. Referring to Kuo, such technique is too perfect; nevertheless, in
practice, the cooling water temperature increment will be somewhat small and hard for measuring. Via
governing the burned gases efflux rate by a grid, a highly steady flame is found [10].
THE DISTANCE OF QUENCHING
The quenching of wall influences not only the limits of flammability, but also the phenomena of ignition. The
diameter of quenching (dT) that’s the parameter given the highest attention, is in general obtained
experimentally in the pursued way. A premixed flame is set on a port of burner, and the flow of gas is
unexpectedly halted. When the flame spreads down the tube inside the supply source of gas, a smaller tube is
replaced. The diameter of tube is increasingly reduced till the flame is not able to spread back to source.
Therefore, the distance of quenching, or diameter (dT), is the tube diameter that exactly avoids the flashback.
The flame becomes quenched inside a tube if the double mechanisms that allow the diffusion of the flame
spread of the species and of the heat being influenced. The walls of tube extract the heat: the smaller is the tube,
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the larger is the ratio of surface area to volume inside the tube, and hereafter the higher is the volumetric heat
loss.
Likewise, the smaller is the tube, the larger the collisions no. of the effective radical species being destroyed.
Because the state and the composition of the material of the wall of tube influence the destruction rate of the
effective species, a particular analytical finding of the distance of quenching isn’t possible.
The intuition would propose that an inverse correlation would be determined between the velocity of burning
and the diameter of quenching. Since the burning velocity SL changes with the ratio of equivalence ϕ, thus dT
should change with ϕ; nevertheless, the dT curve would be reversed in comparison with that of SL, as depicted in
figure (4).
Also, one would anticipate, and it’s obtained experimentally that the temperature rise would reduce the distance
of quenching. Such behavior ensues due to heat the losses of heat are decreased with the reverence to the release
of heat and the species aren’t as willingly de-activated.
Nevertheless, enough data aren’t accessible for developing any particular correlation. It has been strongly set
and derived theoretically [11] that the distance of quenching raises as the pressure reduces; indeed, the
correlation is nearly just for many compounds [12].

Figure 4. The quenching diameter (dT) variation versus the ratio of equivalence (ϕ) [12]

EXPERIENCE SETUP
The device generally consists of a group of systems as follows:
First: Combustion system, which initializes the counter flame front, consists of:
1.

Valves and regulators to control the flow

2.

Flowmeters for air and fuel

3.

Counter Burner

4.

Flame temperature measuring unit

5.

Nitrogen supply unit

Second: Schlieren optical system
1.

The light source

2.

Expanding set of the beam

3.

Focusing set of the beam
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Third: Recording and filming system for the combustion phenomenon which the Schlieren photos are recorded,
these photos are required for the study purpose. Figure (5) reveals the photographs of the practical experimental
test rig and its components, and figure (6) displays the schematic diagram of the experimental test rig.
Air
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Fuel Valve
N2
Flowmeter

Fuel Flowmeter

Flowmeter

Pressure
Gauge

Flowmeter
Burner

Air Filter
Air
Valve

Thermocouple

Computer
Schlieren optical
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Fuel
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Mixing der
Chamber
N2 Cylinder

QuickDAQ
Device

Figure 6. The schematic representation of the experimental test rig
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Counter burner is one of main parts of the combustion system which can study the premixed flame properties, it
is considered one of the most complex types of burners due to the fact that the components of the combustion
mixture (fuel and air) enter into the two burners separately and then unite at the burner rim in the nozzles and
through the diffusion and reaction, the flame front is made up this type is called diffusion flame. The second
type, when mixing the reactors before entering the burner, is called premixed flame.
The basic principle of raising the efficiency of diffusivity burners is to increase the aerodynamic and to create
vorticity at the surface of stagnation zone.
The apparatus of counter flow comprises two burners having a convergent nozzle with (12 mm) outlet diameters
perpendicularly opposite to brass tubes and were set apart at (20, 30, and 40 mm) to utilize (3) angles of nozzle
(30⁰, 45⁰, and 60⁰) for comparing the data of experiment. The burner having a counterflow nozzle is
schematically represented in figure (7).
In order to improve the accuracy of the data measurement that will be debated next, accordingly the streams of
the (LPG) Liquefied Petroleum Gas fuel and the oxidizer (air) correspondingly contained different ratios of
equivalence (ϕ) (from 0.65 to 1.5). Also, the average outlet velocities at the nozzles were reserved the same.
The fuel was the (LPG) type having almost a composition of (40% C3H8 and 60% C4H10) and was taken from
the mains via a compressor at one bar gauge pressure and was filtered for removing the oil, the particles of dust,
the droplets of water having diameters bigger than (2
.
The rates of flow were measured via flowmeters that were calibrated via the producers and prepared in order
that every burner could be provided with (0 – 16) L.min-1 of air and (0 – 6) L.min-1 of gas for the premixed
flames. The two jets moment was reserved the same in order that the non-oscillating flow stagnation plane was
positioned at a half distance (H/2) between both opposite assemblies.

Angle of Nozzle = 30

Angle of Nozzle = 45

Angle of Nozzle = 60

Figure 7. Schematic illustration of the Counterflow Nozzle Burners
CHARACTERIZATION OF BURNER
The composition profiles of blend that were taken between the both injections were utilized for defining the
thickness of injection layer, the active conditions of boundary, and the strength of blend. The flow nozzle
contoured design, attached to (1/25)th cell dimension honeycombs, warranties a profile of exit velocity having
sensible uniformity. Contained several fine wire mesh screens near the nozzle exits, a standard technique
causing the flow to be laminar [13-15].
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The similar burner can be utilized beneath the diffusion and incompletely premixed circumstances. In this case,
two similar streams of the premixed are provided for the bottom and top of burner and twin flames are set
symmetrically with reverence to the stagnation plane of the gas. The circumstances of exit were the pressure of
atmospheric and a normal temperature. The Reynolds no. of injection, depending upon the mixture velocity
throughout the interval of injection, the viscosity of cold mixture and the outlet diameter of nozzle, was between
(861.11 ≤ Rejet ≤ 1377.78), which corresponds to (1.105 ≤ Ujet ≤ 1.769 m/s). Figure (8) depicts the burners’
details.

Figure 8. The counter burners’ details
RESULTS AND DISCUSION
Burning Velocity
Design of both the chambers of combustion and the furnaces of industry relies upon the temperature distribution
form, the flame front diameter, and the velocity of burning.
The basic principle of the current study is to find the best mixing and diffusion process for streams of air and jet
fuel, and it is done by changing the geometric shape of the nozzle. This is one of the most important affecting
determinants to get a highly mixing efficiency of the reactants in the counter flame.
Figures (9-14) illustrate the effect of angle nozzles and distance between burners with and without the use of
Nitrogen on the burning velocity.
This effect can be recognized through the analysis of the Schlieren optical images, as shown in figure (16),
which took over the experimental measurements to extract the geometric dimensions of the flame front for all
nozzles that were studied. It was found that the nozzle (60º) is giving the highest value of the burning velocity,
while the nozzle (30º) is giving the lowest value of the burning velocity. They were adopted mainly on the
counter streams and the vorticity zone resulting from the effects of aerodynamic flow, to obtain a high
efficiency for the mixing of the reactants. Schlieren optical system gives a high accuracy in the measurement
because of the dependence on the refractive indexes of lasers beam through the reaction zone, and also there are
no negative factors and side effects on the accuracy of the measurement, as is the case in the use of other
techniques such as the particle velocimetry technique.
The flame lift idea can be ascribed to the velocity of stream throughout the ports of flame that not being stable
via the velocity of burning of the fuel-air blend. When the initial aeration increases, the velocity of burning and
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the volume flow throughout the ports of flame rise. Nevertheless, the last rises more than the first, and therefore
lift of flame may take place. If the velocity is more raised, a point will be attained at which the flames will be
quenched.
In premixed counter burners, the double-disc flame can be obtained when the velocity of air and fuel mixture is
equal to the burning velocity, which leads to the separator between the surfaces of the discs called stagnation
plane. At the same area, but installing the fuel velocity constant and increase the air velocity, the discs come
together and become a single disc, because the blend velocity is higher than the velocity of reactants that occur
in one area.
A broad range of the ratios of equivalence has been utilized in various experiments, from the lean blends of fuel
to the rich blends of fuel (0.65
1.5). Such ratio straight influences the tendency of sooting and the
dissociation level in the product of combustion. The flames at almost stoichiometric circumstances create the
highest velocity of burning owing to the comprehensive combustion. Flames that are rich of fuel (
) yield
the nonluminous and luminous thermal radiation, where the flames close to the stoichiometric state
(
make only nonluminous radiation, because there is no generation of soot.
Burning velocity was measured to three nozzles at different angles (30º, 45º, and 60º) and different distances
between the nozzles burners (H = 20, 30, and 40 mm). Through figures (9 to 14), it was noted that the burning
velocity depends on the stagnation surface of the flame front, which in turn relies on the vertical distance
between the burners (H). Also, it was noticed that the increase in distance between the burners results in a
reduction in the reactants velocity since it is affected by the air surrounding, and that is leading to the outside air
participate in the interaction and thus affecting on the equivalence ratio of the chemical mixture as well as
reducing the burning velocity.
Additionally, it was observed through figures (9 to 14) that there was an increase in the deflection nozzle angle
with the horizontal axis that leads to the faster reactants and reduces the vortices near the burner nozzle rim, due
to the decrease of friction force between the tube wall jet and the reactant molecules. And, at the same time, it
helps to the faster exit of reactants toward the stagnation surface and the flame front consists.
Where the area of disc flame changes with the jet angle for the same equivalent ratio, according to the following
results at the nozzle angles (30º- Df = 58 mm), (45º - Df = 55 mm), and (60º - Df = 52 mm). Comparing the
results obtained with previous studies, it was noted that there is a consensus between them with an increase in
the burning velocity of a jet (60º), especially at the equivalence ratio (
), figure (15) elucidates the results
obtained in the current research compared with previous studies.
In addition, the observation of the use of nitrogen leads to an increase in the burning velocity due to obtaining an
Frame 001  15 Dec 2017 
equivalent mixing between the reactors and not allowing the outside air to participate.
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Figure 9. Effect of the Nozzle Types on the Premixed Burning Velocity without N 2 at (H= 20 mm)
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Figure 10. Effect
of the Nozzle Types on the Premixed Burning Velocity without N 2 at (H= 30 mm)
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Figure 11. Effect of the Nozzle Types on the Premixed Burning Velocity without N 2 at (H= 40 mm)
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Figure 12. Effect of the Nozzle Types on the Premixed Burning Velocity with N 2 at
(H= 20 mm).
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Figure 13. Effect of the Nozzle Types on Premixed Burning Velocity with N 2 at the (H= 30 mm).
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Figure 14. Effect of the Nozzle Types on the Premixed Burning Velocity with N2 at (H= 40 mm).

Figure 15. Comparison of the Present Results of Burning Velocity for Counterflow Burners with Previous
Studies
Limits of Operation
The debate regarding the stability of flame is also assisted significantly the combustion diagram utilization, as
long as the fuel-air mixture is combustible. There are four limits of the operation of reacting counterflowing: jets
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blow-off, double flame, disc flame, and distortion flame, as evinced in figure (16), as a function of the air and
fuel flow rate from the nozzle exit.
The flame lift idea can be ascribed to the velocity of stream throughout the ports of flame that not being stable
via the velocity of burning of the fuel-air blend. When the initial aeration increases, the velocity of burning and
the volume flow throughout the ports of flame rise. Nevertheless, the last rises more than the first, and therefore
lift of flame may take place. If the velocity is more raised, a point will be attained at which the flames will be
quenched.
The two-disc flame can be obtained when the velocity of air and fuel mixture is equal to the burning velocity,
which leads to the separator between the surfaces of the discs called stagnation plane. At the same area, but
installing the fuel velocity constant and increase the air velocity, the discs come together and become a single
disc, because the blend velocity is higher than the velocity of reactants that occur in one area, as elucidated in
figure (17).
Either installs the air velocity or increase the velocity of fuel leads clearly to a flame distortion, and the
appearance of soot and carbon monoxide is in the yellow flame zone.

Figure 16. Stability Limits of Premixed Counter Flame at (H=20 mm) with N2

Disc flame

Schlieren Double Flame
Figure 17. Photo of Types of Premixed Counter Flame
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CONCLUSIONS
Depending upon the restricted extent of experimentation, the following conclusions can be drawn concerning
the utilization of the laminar premixed counterflow for the combustion investigation:
1- The limits of stability in the counterflow (blow-off flame, double flame, disc flame, and distortion
flame) depend basically on the shape of the nozzle and velocity of fuel and air.
2- In premixed counter combustion, it was found that the nozzle (60º) is giving tha highest value of the
burning velocity, while the nozzle (30º) is giving the lowest value. They were adopted mainly on the
counter-streams and the vorticity zone resulting from the effects of aerodynamic flow, to obtain a high
efficiency for the mixing of reactants.
3- Burning velocity depends on the stagnation surface of the flame front, which in turn relies on the
vertical distance between the burners (H). Also, it was noticed that the increase in distance between the
burners results in a reduction in the velocity of burning.
4- The disc flame front diameter in counterflow burner rises with the reduction of the angle of nozzle.
5- Burning velocity depends on the stoichiometric ratio, where the greatest value is noted when the ratio
(
) and begins to reduce from the two sides lean and rich.
6- The nitrogen usage leads to an increase in the burning velocity due to obtaining an equivalent mixing
between the reactors and not allowing the outside air to participate.
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