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Abstract

Flame stability and mean structure of partially premixed flames have been investigated
under the effect of the level of partial premixing and nozzle cone angle. The stability curves
and maps of the mean flame structure based on temperature and CO and O, concentrations
measurements in some selected partially premixed flames in the thin reaction zones regime
are presented and discussed. More radial and axial mean profiles of temperature and CO and
O, concentrations are also presented for another set of flames at the same equivalence ratio
and several nozzle cone angles.

The data show that partially premixed flames are more stable than non-premixed and
premixed flames. An optimum degree of partial premixing was achieved in the present burner,
beyond which the flames are less stable. This optimum level was achieved when the
dimensionless mixing length normalized by the nozzle diameter is equal to 5. At this level of
partial premixing the structure is likely to form three interacting reaction zones of lean, rich
and diffusion with expected triple flame structure.

In partially premixed flames a stabilization core has been observed close to the conical
nozzle that provides more heat source at the nozzle exit. This is responsible for stabilizing the
flames at high Reynolds number.

The data also show that the cone angle has a great influence on the flame stability.
Increasing the cone angle leads to more air entrainment, breaking the stabilization core and
hence reduces the flame stability. The cone, in all cases, provides protected environment at
the early stage of reaction near the nozzle exit where intense turbulence is expected. This
leads to highly stable flames as compared to similar burners without cone.

Introduction

Burner stability and reduction of pollution levels are the main concerns of designers of
industrial burners and many practical combustion systems. Flame stabilization is affected by
several parameters such as mixing and boundary conditions at the nozzle exit. Partially
premixed flames are likely to be more stable than premixed flames [1-3] and thus can be more
attractive for practical applications. Several techniques have been used at the nozzle exit to
stabilize the flames. Examples of those techniques are the swirl [4-7], pilot flame [8-11] and
flame holder [12-13]. Recently Mansour [3] has designed and developed a concentric flow
conical nozzle burner for highly stable flames. The stabilization mechanism in his burner is
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based on partially premixed combustion and a conical nozzle located at the nozzle exit to
produce more uniform turbulence. Detailed measurements of temperature, using Rayleigh
scattering, OH-radical, using laser induced fluorescence, and velocity field, using Planar
Imaging Velocimetry (PIV) technique, are available for different flames in this burner at half
cone angle of 26°. The effect of the level of partially premixing of the jet and the cone angle
on the flame structure and stability have not been yet investigated. Accordingly the aim of this
work is to study the effect of both factors on the flame stability and mean flame structure in
order to provide better understanding of flame stabilization mechanism. This should also lead
to optimum operating conditions of the burner.

Partially premixed flames cover a wide range of applications: e.g. diesel engines, gas
turbines, some industrial burners and lifted flames. Unlike non-premixed and premixed flames
where modeling is based on one conserved scalar [14-17], partially premixed flames may
require two conserved scalars for modeling [15,18,19]. Several research groups [20-25] have
addressed the structure of partially premixed flames experimentally and theoretically. The
main conclusion describes the structure as a multi-reaction zones structure that likely follows
the triple flame theory. Therefore stability depends on this structure that survives better at
high turbulence level, as compared to other modes of combustion, due to heat transfer from
the triple point.

In the present study the stability limits under wide range of premixing level, nozzle cone
angle, turbulence, and jet equivalence ratio are fully characterized. In addition, the mean
flame structure of partially premixed flames at the same level of stability and partially
premixed flames at the same jet conditions with variable nozzle cone angle are presented and
discussed.

Burner Design

As explained above, this work is directed at the study of the effect of degree of mixing and
nozzle cone angle on the stability and flame structure. The present burner design is similar to
the concentric flow conical nozzle burner design developed by Mansour [3] with two
modifications to replace the conical nozzle and to change the degree of partial premixing.
Accordingly, the present modified design uses replaceable conical nozzles and variable
mixing volume as explained below. The schematic drawing of the burner design is shown in
Fig. 1. The burner consists of two concentric stainless-steel tubes with a conical nozzle at the
exit of the outer tube. The air flows through the inner tube while fuel flows through the outer
tube. Mixing starts at the exit of the inner tube and continues through a premixing distance
“L” between the exit of the inner tube and the exit of the outer tube. The inner tube is allowed
to move in order to vary the mixing length from 0 to 10 cm. For L = 0 the flames are called
non-premixed. The degree of mixing increases by increasing the distance L. For short L the
jet is called partially premixed while for quite long L the jet may reach fully premixed
conditions.

Seven conical nozzles with half cone angles, , of 10°, 15°, 20°, 25°, 30°, 35° and 40° have
been used. The cone height is kept constant for all conical nozzles and equals 53 mm. For
each conical nozzle the mixing length and jet velocity and equivalence ratio have been varied
to study stabilization. Based on the measured stability limits several flames have been
selected for more detailed investigation.

Experimental and Measurements

The present measurements are directed at the study of the burner stability limit and then
focused on some selected flames for mean temperature and species concentration maps and
profiles. The stability was detected at the minimum equivalence ratio for a specific air flow
rate at which the flame survives while blow-off occurs below this value.



The air and fuel flow rates were measured using Dwyer Instruments Rota-meters with
accuracy of + 4% of the measured value for both fuel and air flow meters. The temperature
was measured using a 100 _m R-type (Platinum-13% Rhodium vs. Platinum) thermocouple.
The species concentrations were measured using electrochemical gas sampling instrument
(LAND LANCOM model 6500A). Two species were measured: Oxygen and carbon
monoxide. The accuracy of O, measurements is within + 0.2% while that for CO is + 2% of
the measured value. The gas analyzer CO range is from 0 % to 10 %. Sampling was achieved
using a water-cooled stainless steel probe of 2 mm diameter. The probe was fixed on a three-
dimensional traverse mechanism for mapping the flame structure with steps of 1 mm.

In addition flow visualization technique has been used to trace the entrained air into the
burner cone, using smoke generator and digital high-shutter-speed CCD camera. A special,
aromatic-oil-based material stick was used to generate a reddish-grey smoke, which was
located outside the conical nozzle. Being of an oily basis, the generated smoke continued to
burn with reddish luminous traces that follows the entrained air and photographed using the
CCD camera. To increase the contrast between the reddish color of the smoke and the blue
one of the flame, a special red-light incandescent lamp was used. Video films and still
photographic images were obtained at several operating conditions. Those images were used
for the analysis of entrained air in the present data.
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Figure 1 A schematic diagram of the burner. Inner pipe wall thickness is 0.5 mm.

Stability Limit and Selected Flames

The stability characteristic was investigated based on two factors: the degree of premixing
and cone angle of the conical nozzle. The degree of partial premixing is controlled by varying
the mixing length, L. In the present work L varied from 0 cm to 10 cm. The stability point,
above which the flame is stable, was obtained by decreasing the fuel flow rate for a stable
flame while the air flow rate was kept constant. The stability limit was recorded at the
minimum fuel flow rate that corresponds to extinguished flame. Stability is defined here by an



attached flame to the nozzle, while lifted flames are also shown in the present data. Five runs
were conducted at air flow rates of 5.98 kg/hr, 6.9 kg/hr, 7.82 kg/hr, 8.73 kg/hr and 9.65
kg/hr. The data are shown in Fig. 2 using commercial LPG fuel (50 % Butane and 50 %
propane by volume). The data are presented as the jet equivalence ratio versus the
dimensionless L/D, where D is the nozzle diameter (= 8 mm) for all runs at various half cone
angle.

In general the stability curves show that there is a point on each curve that shows better
stability with minimum jet equivalence ratio. This point occurs almost at the same L/D (=5) in
all runs and for all cone angles. Beyond this point the flame is less stable. At smaller L/D
towards non-premixed conditions (L/D = 0) the flames are less than those at higher L/D (>5)
where more mixing is expected. This indicates that at the minimum point on the curve (L/D =
5) the level of partial premixing is optimum for high stability. Combustion of non-
homogeneous mixture is likely to form multi-reaction zones structure, lean rich and diffusion,
due to the interaction between lean and rich pockets in the flame [15]. These reaction zones
interact and likely to meet forming triple flame structure that survives at higher turbulence
level. The triple flame structure has been recently observed in partially premixed lifted flames
[23,24,26]. So, in the present flames at L/D = 5 the possibility of creating such structure is
high and thus higher stability could be achieved. The multi reaction zones structure has also
been observed in the same burner with half cone angle of 26° using combined Rayleigh OH-
LIF technique [3]. This supports our hypothesis.

The concave stability curves with steeper gradient at the non-premixed side prove that
partially premixed flames survive better than premixed and non-premixed flames and the
worst stability occurs at non-premixed conditions.
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Figure 2 The stability curves of the burner for different nozzle cone half angle at five runs:
from Run 1 to Run 5. The air flow rate varies from Run 1 to Run 5 as shown above. The open
circles represent lifted flame conditions.



Further analysis of the stability limit can be obtained from the data at L/D = 5 where the
relations between the jet velocity and jet equivalence ratio at blow-off for several nozzle cone
angles are illustrated in Fig. 3.a. In addition, to study the effect of cone angle on stability at a
constant turbulence level several curves are illustrated in Fig. 3.b for the same jet velocity.

Figure 3.a shows that the flame stability improves by reducing the nozzle cone angle.
However, at smaller cone angle the flame touches the cone wall and this increases its
temperature adding one more stabilization parameter. In some industrial burners it is not
recommended to increase the nozzle head temperature. Figure 4 shows photographs of three
selected flames in Run 3: PP20I, PP25I and PP30I for the present investigation at the same
L/D = 5 with different cone angles of 20 °, 25° and 30 °, from left to right, respectively. The
conditions of the selected flames are listed in Table 1 below. The heating rate of each flame,
Q°, is also listed in Table 1. The photographs show that the flame touches the wall at smaller
cone angle. Figure 3.b shows that the relatioff between the jet equivalence ratio at blow-off
and nozzlg cone angle follows an almost parabplic equation for each jet velocity.
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Figure 3 [a] The jet velocity is plotted versus the jet equivalence ratio at blow-off limit. [b]
The jet equivalence ratio is plotted versus the nozzle cone angle for constant jet velocities.
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Figure 4 Photographic images of three flames: PP201, PP25I and PP30I, at the same L/D =5 of

run 3 with different cone angles of 20°, 25° and 30 °, from left to right, respectively



Table 1 Conditions of five selected flames

Flame U; P; 0 RD Q°
m/s kW
PP201 42.96 4.11 20 0.50 28.8
PP251 44.68 5.37 25 0.50 37.7
PP301 47.65 7.54 30 0.50 53.1
PP25II | 47.65 7.54 25 1.12 53.1
PP20II | 47.65 7.54 20 1.77 53.1

Mean Flame Structure

The measurements were focused on the five selected partially premixed flames listed in
Table 1. The five flames were selected to study flames at the same stability level (the first
three flames PP201, PP251 and PP30I), and to study the effect of nozzle cone angle with other
parameters kept constant (flames PP30I, PP25II and PP20II).

The flames shown in Fig. 4 are those selected to have the same relative deviation from
extinction limit based on the equivalence ratio data illustrated in Fig. 2. The relative deviation
is defined as RD = (¢; - ¢g) / ¢r , where ¢, is the jet equivalence ratio and ¢ is the extinction
value at L/D = 5. The relative deviation for the above flames was selected to be 50 %. All
flames are from Run 3 where the air flow rate is m®;; = 7.82 kg/hr. The second set is formed
from two additional flames PP20II and PP25II with flame PP30I from the first set. All flames
in this set have the same equivalence ratio of 7.54 and jet velocity of 47.65 m/s from Run 3.

The measurements in the first set cover maps of temperature and species concentrations,
while the measurements in the second set cover axial profiles along the centerline and radial
profiles at the conical nozzle rim. The maps were obtained with small steps of 2 mm along the
radial and axial directions within the conical nozzle and radial steps of 2-4 mm above the
nozzle. The axial steps above the conical nozzle vary between 1 cm near the nozzle and 2 cm
further downstream. This provides quite fine resolved maps of the mean flame structure.

The flame structure of the three partially premixed flames at the same relative deviation
from the blow-off limit in the first set is illustrated in Figs. 5-6. All flames are selected at the
optimum L/D value of 5. Based on some dimensional analysis of length and time scales we
may classify the present to be in the thin reaction zones regimes of Peters [15].

The main feature of the three flames is the existence of intense reaction core, with high
CO and low O; concentrations and high temperature, starts at an early position within or near
the conical nozzle tip. The previous measurements of OH and Rayleigh in partially premixed
flames in the same burner at 6 = 26° concluded that the flame is stabilized by the existence of
stabilization core at the nozzle exit at the early stage of the flame. The present data, shown in
Figs. 5,6 supports this conclusion and adds more that the stabilization core is also affected by
the nozzle cone angle where a narrower zone can be observed by increasing the cone angle. In
addition, air entrainment increases by increasing the nozzle cone angle and this leads to
necking of the stabilization core and expected to cause a break at higher cone angle. This may
thus lead to flame blow-off due to expected extinction of the stabilization core. In bluff body
flames with flat plate at the nozzle, i.e. corresponding to an angle 6 of 90°, two recirculation
zones are observed [13] due to the necking effect described above. The arrows illustrated in
Fig. 5 are obtained at almost the same scale from the smoke tracing images showing the
entrained air in flames PP251 and PP30I at larger cone angle. One image with tracing smoke
is shown in Fig. 6.b for flame PP25I. More images are collected showing similar trends but
with different levels of air entrainment depending on nozzle cone angle. At 6 = 20° no smoke
tracer could be detected which may indicate low or no air entrainment and thus the flame is
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not affected by surrounding air at the early stage (stabilization core). The maps of CO and O,
concentrations and temperature illustrated in Figs. 5 and 6 show more compact undisturbed
stabilization zone.
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Figure 5 [a] CO and [b] O, concentrations maps in flames PP20I, PP25I and PP30I from left

to right, respectively. The red CO concentration refers to level > 10 % CO.
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The second set of flames (PP20II, PP25II and PP30I) is focused on studying the effect of
nozzle angle at fixed jet velocity of 47.65 m/s and equivalence ratio of 7.54, as explained
above. The data are illustrated in Fig. 7 as axial and radial profiles of temperature and O, and
CO concentrations. Three conical nozzles with half cone angles of 20°, 25° and 30° were used.
The data show that increasing the cone angle leads to longer and narrower stabilization core
where the CO is high, O, is low and temperature is high. This can be, as explained above, due
to the effect of air entrainment into the nozzle squeezing the stabilization core and thus
elongate it.
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Figure 7 Temperature, Oxygen and CO concentrations axial [a] and radial [b] profiles of

flame PP20II, PP251II and PP30I.

Conclusions

The effects of partial premixing level and nozzle cone angle at the nozzle exit of a
concentric flow conical nozzle burner on the burner stability and flame structure have been
investigated and discussed in the present work. Seven conical nozzles and variable mixing
levels have been used with LPG fuel. In addition the mean structure based on maps of
temperature, and CO and O, concentrations of five flames are presented and discussed.

The data show that partially premixed flames are more stable than premixed and non-
premixed flames. An optimum level of partial premixing has been obtained for all conical
nozzles at a mixing length of five times the nozzle diameter. The data show also that the
stability can be improved by decreasing the nozzle cone angle. The stabilization mechanism
of this burner attributes flame stability to the existence of a stabilization core at the early
region of the flame near the nozzle exit. This core shows high rate of reaction with the low
oxygen concentration, high CO concentration and high temperature.

Air entrainment increases by increasing the nozzle cone angle and this affects the structure
of the stabilization core that leads to elongated and narrow structure. This can thus be
disturbed easily by the air entrainment.

More detailed flame structure measurements are required based on quantitative Rayleigh,
Raman and LIF techniques in order to provide more quantitative data bank for model
verification and development.
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