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ABSTRACT

The influerce of arc discharge duration on turbulent mass burning rate
was investigated for turbulent rm.s vzlocities of uw'=1.73 m/s and u’=4.5
m/s. Methane air mixtures were used at equivalence ratios rarging from
0.83 to 1.25. Flame size was obtained through schiieren photography while
the intensity of CH chemiluminescence emissions was used to measure
mass burning rate. A variable spark duration unit was used for ignition
sparks and all the experirients were done in a fan stirred bomb.

Discharge duration has no effect when the equivalence ratic is 1. For
highervalues longer duration increases the burning rate for the early stages
of the flame up 1o a flame radius of 10 mm. Beyond this the duration does
not affect the burning rate. Significant improvement on burning rate is
observed for equivalence ratio of 0.83. This decreases as the equivalence
ratio approaches 1. For equivalence ratio less than 1 and for flame radius
less than or equal to 5.2 mm a decrease in discharge duration improves
mass burning.

Geometric flame stretch was found 1o have significant influence on the
burning rate.

INTRODUCTION

Ignition of a gaseous combustible mixture using a spark requires an initial
electrical breakdown of the spark gap. This involves voltages of the order
of 10 kV, currents of the order of 200 A and a duration of 1 to 10 ns. The
breakdown produces a cylindrical chanpel (= 40 um diameter) with high
inside temperature rise. Molecules inside the channel are ionized and dis-
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sociated, processes through which energy is stored in the plasma. The chan-
nel pressure rises rapidly giving rise to an intense shockwave which car-
ries with it some of the input energy to the unaffected mixture.

The breakdown is followed by either arc discharge, glow discharge or a
combination of the two. Arc discharge is associated with voltages of the
order of 100 V and a current of the order of 500 mA. It provides iow
ionization but maintains high degree of dissociation at the central region.
The arc expands by heat conduction and mass diffusion. A glow discharge
is characterised by voltages of between 300 to 500 V and a current less
than 200 mA. It has low ionization and low kernel temperature. Reference
(1) provides compressive characteristics of the three modes of spark dis-
charge and their associated energy losses.

For successful ignition, the discharge must initiate hydrodynamic and con-
ductive spreading of the spark energy. It must also initiate chain reactions
in the mixture by temperature and active species. The resull is a propagat-
ing flame, which if under turbulent conditions it must survive turbulent
straining which increases as the flame grows. It is from this that research
was directed at better undcrstanding of spark discharge and the way in-
flammation is achieved ref.(l - 12). The cited works indicate that the long
term influence of the spark on flame propagation has not received wide
investigation. This problem is addressed in the present work which con-
centrates on the influence of the arc discharge of a spark on the mass burn-
ing rate under turbulent conditions. More emphasis is placed on the period
after the spark has seized.

The intensity of chemifuminescent emissions trom the CH radicals formed
in the flame reaction zone has been shown to be proportional to the volu-
metric rate of consumption of combustible mixture, (13). Abdel-Gayed et
al (14) used the intensity of these emissions as a measure of the volumetric
heat release rates. They also showed experimentally that the ratio of the
CH emission intensity in a turbulent flame to that in laminar flame at the
same radius varied linearly with the ratio of the turbulent mass burning
velocity to the laminar burning velocity. This finding is an important one
in that mecasurements of emission intensities for turbulent and laminar
flames at the same radius give the ratio of the mass burning velocities.
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APPARATUS AND TECHNIQUES

The experiments described in rthis work were conducted in a fan stirred
bomb. This comprised a cylinder of 305 mm diameter and 300 mm length
with a 150 mm diameter concentric windows on each end plate. These
windows provided optical access for the measurement of CH emissions
and schlieren photography of flames. Four identical variable speed fans
provided a region of isentropic turbulence at the centre of the bomb. The
turbulence intensity was varied by varying the speed of the fans.

Flame propagation was recorded by high speed cine camera using schlieren
lechnigue as shown on Fig. 1.
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Fig. 1: Schlierren and CH measurements layout

Two markers attached on the bomb window, and simultaneously photo-
graphed with the flames provided a scale used to establish the actual size
of the projected flame. These flame images were digitised and the radius
of a circle with an enclosed area equal to the projected area of the flame
was evaluated and considered to be the equivalent flame radius at the given
1me.

A locally manufactured composite spark unit was used in the experiments.
It had a breakdown unit consisting mainly of a car ignition coil which was
energised such that its total energy was just enough to provide breakdown
at an clectrode gap of 0.6 mm. This was provided by a one microsecond
300 V pulse into the primary coil of the ignition coil. The secondary coil
was conncected to the spark plugs via a 400 k€, high voltage resistor, and a
high voltage diode which was only forward biased when the secondary
coil voltage was high. This breakdown system was tested on air and meth-

ane air mixtures at atimospheric pressure. For both conditions the unit was
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found to perform reliably with a spark gap of 0.6 mm. It was further ob-
served that the breakdown was not enough to ignite methane air mixtures
within a range of equivalence ratios from 0.8 to 1.25, at atmospheric pres-
sure.

The main spark was achieved using the discharge of a 40 pF capacitor
through the spark gap via a bank of resistors which controlled the dis-
charge current. This capacitor was charged using a 600 V D.C supply. A
timing unit was used to short the capacitor and thus end the discharge.
Two discharge durations, namely 0.1 and 0.9 ms were used for the study.
The voltage drop across a 4.7 Q low induction resistor in series with the
spark gap, was used to evaluate the spark current. The voltage drop across
the spark gap was measured directly. Oscilloscope traces of the variation
of both this voitages during the discharge were photographed using polar-
oid camera and further digitised and processed to give a history of the gap
voltage and current over the discharge period. Numerical integration of
the product of the gap vollage drop and the current, over the discharge
duration provided the total energy discharged.

Two identical electrodes were mounted opposite to each other in the cylin-
drical walls of the combustion vessel such that they met at the centre,
where a gap of 0.6 inm was maintained.

Chemiluminescent emissions from the CH radicals formed in the flame
reaction zone were used to measure the volumetric rate of consumption of
combustible mixture. The technique used involves projection of the flame
emissions on to an anode of a photomultiplier which generated a voltage
proportional to the intensity of the incident radiation. The flame image
was focused on the anode by one of the schlieren focusing lens, behind
which was mounted a 50 mm diameter dichroic filter at 45 degrees to the
axis of the vessel. This [ilter transmitied 90% of the spectrum above 510
nm (93% of the neon-helium laser radiation for schlieren) and reflected
90% of the spectrum below 445 nin (94% of the CH radiation wavelength
of 431.5 nm). It follows from this arrangement that the schliecren image
was transmitted through the filter to the cine camera while the CH flame
image was reflected at 90 degrees towards the photomultiplier. A special
narrow band filter (431 # 6.5 nm) was used to eliminate almost all other
radiations and transmit CH radiations to the photomultiplier. The
photomultiplier output was amplified and recorded by Datalab type DL
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922 transient recorder from which the digitised signal was transferred to a
computer for further processing.

The above arrangement was tested using a 3 mm inspection lamp placed at
various positions inside the combustion vessel. Within a sphere of radius
of 130 mrn the maximum variation of the photomultiplier output was less
than * 4% of the value at the centre of the vessel. This confirmed that
throughout the field of view of diameter 130 mm the photomultiplier out-
put will be independent of the flame position.

For each explosion, the combustion vessel was evacuated, flushed with
air, evacuated again and then filled with the appropriate mixture of meth-
ane and air. Partial pressures were used for the preparation of the mixture,
with a total pressure of one atmosphere. All mixtures were ignited at 328
K.

RESULT AND DISCUSSION

Figures 2 to 5 show the variation of the ratio of turbulent CH emission
intensity to that of a laminar flame of the same radius against time. These
are for spark discharge durations of 0.1 and 0.9 ms, turbulent r.m.s veloc-
ity of 1.73 m/s and for equivalence ratios ranging from 0.83 to 1.25.

At equivalence ratio of 0.83, Fig. 2, the ratio of intensities, I/}, for flames
initiated by the 0.1 ms spark is on the average a constant and equal to one
for durations less tha 6 ms. This implies that the turbulent mass burning
velocity is equal to the laminar burning for these flames. From this obser-
vation, it is evident that the turbulence level involved is not strong enough
to influence these flames. At this level of turbulence, the only influence of
turbulence will be wrinkling of the surface thus increasing the entrainment
area which results in increased rate of mass entrainment. If the rate of
burning is low and the increase in entrainment due to turbulence is also
low it is possible to have negligible influence on the flame development.

Flames initiated from the 0.9 ms spark exhibit a different behaviour. The
burning rate is seen to be very low just after the spark discharge increasing
to a maximum value of I/} = 3.3 at 3.2 ms after ignition. Beyond 3.2 ms
some oscillations are observed but the average value is constant at I/[j=2.5.
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Fig. 2: Variation of ratio of intensities with time

Flames from the 0.9 ms spark exhibit turbulent mass burning velocity which
1s three times that observed for 0.1 ms spark. This suggest a strong influ-
ence of the discharge on the burning rate. Both flames indicate fluctua-
tions over the average value and this can be associated with the chaotic
nature of turbulence, probably the influence of the lower frequencies of
turbulence.

Flames initiated from both the discharges indicate a period of growth from
very low burning rates immediately after the spark. It can be argued that
the duration of 0.1 ms may provide just enough energy to initiate the proc-
ess of flame growth without extra energy left to influence the initial growth
rate. It follows from this that the 0.9 ms discharge will provide a lot of
extra energy which will increase the initial growth rate significantly. From
fig. 2 the burning rate at the end of the discharge is lower for 0.9 ms dura-
tion than for 0.1 ms. This behaviour can be explained through flame stretch.
It is true that the (0.9 ms discharge provides extra energy but this extra
energy is expended in providing accelerated expansion of the crcated flame.
This expansion stretches the {flame but the stretch decreases as the flame
grows and as the available energy decreases. At a flame radlus of 3.4 mm
the influence of stretch seem to seize and from this point the mass burning
rate increases.

Figure 2 further shows that if the life of the tflame is less than 2.3 ms then
a 0.1 ms discharge initiates {lames with higher burning rate. Beyond these
values the 0.9 ms discharge provides hlgher burning rate.
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Results for the same turbulence level but at an equivalence ratio of 0.91
are presented on fig. 3. The pattern is similar to that of flames at equiva-
lence ratio of 0.83 with some exceptions. One is that the flames do not
develop to a constant growth rete but indicate increasing mass burning
rate throughout. The period of superior mass burning rate for the 0.1 ms
discharge is increased to 4.5 ms. Beyond this, the 0.9 ms discharge flames
indicate increasing mass burning while the 0.1 ms discharge flames show
little increase. At the same time after ignition the difference in mass burn-
ing rate between the flames decreased by increasing the equivalence ratio
from 0.83 0 0.91. It is anticipated that this is due to increased influence of
the flame stretch arising from the increase in laminar burning velocity.

This implies that the 0.9 ms discharge flames will experience higher flame ,

stretch hence suffer retardation of the mass burning velocity while the 0.1
ms discharge flames will experience less stretch initially. This also ex-
plains the prolonged period of superior mass burning rate,
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Fig. 3

At the same turbulence level but at equivalence ratio of 1.1 and 1.25, fig-
ures 4 and 5, a different behaviour is observed. Both discharge durations
result in the same value for the mass burning rate i.e the ratio I/];, for flame
duration greater than 6 ms. Below this, flames from 0.1 ms discharge indi-
cate gradual increase of the mass burning rate while for the 0.9 ms dis-
charge flames the burning rate exhibits initial increase to a maximum fol-
lowed by a decrease to the constant value. This maximum value was ob-

served to occur at a flame radius of 5.8 mm.
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Figure 6 shows the variation of the geometrical flame stretch calculated
from the radius time data for u’=1.73 m/s and equivalence ratio of 1.25.
Initially the stretch is very high due to the influence of the spark. This
decreases to a minimum just at the end of the discharge followed by an
increase which is associated with the growth of the self propagating flame.
The increase continues till a local maximum is attained beyond which the
stretch shows gradual decay. The initial decay and subsequent growth of
flame stretch occurs in a short period for the 0.1 ms discharge flames and
it ends while the radius of the flame is 3.7 mm. This explains why these
flames indicate a gradual growth of the burning rate towards a constant
value. It is a result of a gradually decaying flame stretch. Flames from the
0.9 ms discharge experience the initial decay of the stretch for a longer
period. As the stretch decreases during the discharge and after, the burning
rate will increase and this continues past the point of minimum stretch
(minimum stretch occurs at 5.1 nim radius while maximum burning rate is
observed to occur at 5.8 mm). This overlap is a result of the nature of the
influence of stretch on flame propagation. At low stretch, an increase will
increase the entrainment area when the burning rate is high hence more is
burned resulting in an increase in burning rate. At higher stretch an in-
crease will still increase the entrainment area resulting in entrainment of
more mixture but the burning rate is low and cannot burn all the mixture.
As a result, this entrained mixture will tend to quench the reaction and
thus providing further reduction in burning rate. This behaviour of flames
under varying stretch and the pattern of flame stretch given on fig. 6 ex-
plain the variation of burning rates observed on figs. 4 and 3.
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Similar results are presented on figs. 7 to 10 forrm.s
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turbulent velocity of 4.5 m/s. The behaviour of the flames is similar to the
one observed at lower turbulence level except at an equivalence ratio of
0.83 the difference between the two groups of flames is higher indicating
even better performance for the 0.9 ms discharge.

CONCLUSION

Increased arc discharge duration improves the turbulent mass burning rate
of flames when the equivalence ratio is less than 1. The improvement in-
creases with turbulence and with decrease in equivalence ratio. However,
short discharge duration provides improved burning rate during the early
stage of flame development (for the first 2 - 4 ms). Discharge duration has
no influence when the equivalence ratio is 1 but for higher equivalence
ratios there is improvement in the carly stages of the flame development
which ends when the flame radius is 10 mm. Beyond this the discharge
duration has no influence on the rate of mass burning. During the study the
discharge duration was increased and this implied more energy was dis-
charged. Further investigation is required to isolate the contributions of
the duration, the total energy discharged and the power.

Geometrical flame stretch has strong influence on the mass burning rate.
When the stretch is low, an increase in stretch will increase the mass burn-
ing rate, this improvement decreases with stretch. At high values of stretch
an increase in stretch reduces the mass burning rate. Defining the geo-
metrical stretch as the increase in area per unit area, an investigation of
flames at equivalence ratio of 1.25 and u’=1.73 m/s indicated that increase
in stretch increases mass burning rate for values of stretch below 110 and
decreases burning for values above. It must be emphasised that the study
was done on a single case, at equivalence ratio of 1.25 and r.m.s turbulent
velocity of 1.73 m/s, further work is required to ascertain the limit.
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