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Abstract
The experimental investigation of the recirculation zones behind v-gutter flameholders has been conducted. The
blowout limits, flame length, inlet and outlet pressures, and velocities were duly measured, using the laboratory
equipment. It was observed that the perforated v-gutters considerably increase the blowout performance. Also, it was
determined that there is a strong dependence of the blowout limits on the absolute air flow into the recirculation zone.
The conducted experiment shows the correlations between the blowout limits and the absolute air flow into the
recirculation zone. On the basis of the conducted experiment, the authors offered an equation for the calculation of
the lean blowout limits.
The conducted experiment and CFD modelling revealed a strong influence of the v-gutter type on the blowout
performance and the velocity contours in the recirculation zones.
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Introduction
One of the principles of microflame combustion is to provide the entire amount of air in the primary zone, without
using the dilution zone. In such cases, it is possible to reduce the size of the combustion chambers, lower the
concentration of nitrogen oxides, and ensure high combustion efficiency. The combustion chambers, with v-gutter
flameholders, could be considered as such. Ballal and Lefebvre [1,2,3] investigated the effects of inlet air
temperature, pressure, velocity, and turbulence on the lean blowout performance of the flameholders.

The

experiment showed that blowout is strongly influenced by the processes taking place inside the recirculation zones,
such as time of residence of gases in the recirculation zone and their combustion. The influence of approach stream,
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Mach number, and the angles of flameholders on blowout performance was investigated in [4]. The minimal
equivalence ratio has been obtained by increasing the angle up to 90 degrees, and at a relatively lower Mach number.
Generally, the stability limits are extended by [1] a reduction in the approach stream velocity, turbulence intensity,
and an increase in flameholder size. Investigation of the combustion process of lean hydrogen/air mixture with a bluff
body [5-7] showed that the blowout limits are extended by their increase in equivalence ratio. Also, the combustion
efficiency and exhaust gas temperature increase first, and then decrease with the increase in the inlet velocity. Under
the comprehensive effect of the V-gutter vortex and the swirl flow vortex, the stability of combustion is benefited,
and there is a subsequent reduction of the drag [8]. The investigation of lean blowout process [9] showed that during
the blowout event, the overall blowout occurred with the gradual elimination of the flame fragments behind the
recirculation zone. Similar results were obtained [10] for premixed fuel. The processes of stabilization of the flame,
with bluff body in laminar flow for various materials, were studied in [11]. It is shown that the premixed flame
anchors at an immediate downstream location near the bluff-body, where the favorable ignition conditions are
established. Such location has high temperature, due to the intensified heat and mass transfer between the bluff body
and reactants. The influence of approach stream velocity and the v-gutter size on blowout performance was
investigated in [12]. The results showed that when the v-gutter size is large, there are two flame bases which are
located immediately after the V-gutter’s trailing edge,on both sides of the shear layers. The influence of fuel supply
on the combustion process with bluff body, in the shape of a triangle, was investigated in [13]. The results showed
that for a given velocity, the increased fuel profile asymmetry caused an increase in the blowout equivalence ratio.
Great contribution to the study of combustion processes with bluff bodies was done by the Soviet authors [14-19].
The influence of different types of bluff bodies and types of fuel introduction was investigated. On the basis of the
presented materials, it can be concluded, that by using bluff bodies as flameholders, it is significant to know the
quantity of air entering the recirculation zone, as it affects the amount of fuel that can be burned efficiently. As the
approach speed increases to the limits of the blowout, the shape and flame length changes. The blowout with bluff
body flameholders occur due to the decrease in the contact time between a combustible mixture and gases from
reverse flow. Intensification of the flow, including in the area of reverse flows (recirculation zone), leads to the
intense heat extraction from the flame to the recirculation zone, before the combustion can spread to the whole flow
[14-19]. On the basis of the conducted analysis, authors conducted an experimental investigation of the v-gutter
flameholders, with special emphasis on the processes of air entrainment into the recirculation zone.
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Experimental setup and method
The main diagram of the experimental setup is shown in fig.1.
The main elements of experimental setup:
-

Air compressor;

-

Section for equalization of the velocity field, which consists stabilization tubes with diameter ø16 mm.

-

Gas supply system which consists gas cylinder,connected flowmeter and gas inlet;

-

Section with v-gutter flame holder (combustion chamber);

-

Metering devices: anemometer and manometer;

Fuel – pure propane. As an ignition device we used electric ignition system consisting of a block of ignition, rectifier
and spark. The diameter of experimental tube ø0,15 m, length – 0,9 m. The air flow of compressor was controlled by
transformer connected to 220 V line.

Fig. 1. The main diagram of the experimental setup.
For all experimental cases, the air flow speed was fixed to12m/s and fuel rate changed from 0.5-1.13 kg/h to simulate
different equivalence ratios. The experimental setup is working as following: gas under high pressure is supplied in a
fixed rate to v-gutter through ø5mm copper tube. The air is supplied through compressor and velocity field of air is
equalized in stabilization tube.
Schematic diagram of v-gutter flameholderis presented in fig. 2. During the experiment we used four types of vgutter. The paper defines that small v-gutters should be considered as standard flameholders (type 1,2).

Fig. 2. Schematic diagrams of v-gutter flameholder: 1,2,3,4 – the types of flameholder investigated in experiment.
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Results and discussion
Absolute air flow into the recirculation zone
The following equation was used for determining the absolute air flow into the recirculation zone:
(1)
The dependence of the absolute air flow into the recirculation zone behind the v-gutter flameholders on the
flameholder width is shown in Figure 3. The maximum value of the absolute air flow into the recirculation zone is
achieved using a standard v-gutter (type 1) at 30-mm width. The extension of the width, up to 35 mm, leads to a sharp
reduction in the air involvement at the recirculation zone.

Fig. 3. Influence of flameholder size on the absolute air flow into the recirculation zone.
Perforated v-gutters have lower values of absolute air flow in the recirculation zone.However, there is some visible
growth at a width of 35 mm, which is equal to the angle of 90°. This is caused by the increase in the resistance
generated by the flameholder, due to the increase in the congestion. This fact leads to a stronger air swirl at the edges
of the flameholder, which increases the air volume inside the recirculation zone. It should be noted that when using a
large v-gutter (type 3), the flame blowout occurred after a few seconds in all the variants, except for the width of 60
mm. The lowest values of the air flow were obtained when using large perforated v-gutters (type 4). As the Figure
shows, the minimum value is achieved at a width of 30 mm, and there is some growth, with further increase in the
width, up to 60 mm.
Air flow depends considerably on the v-gutter width, however, this dependence is complicated, and there is a certain
value, after which, a sharp change occurs: the decrease in case of a standard v-gutter, or increase in case of a large
perforated v-gutter.
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Flame length
The dependence of the L/В complex on the flameholder width is shown in Figure 4. When using perforated v-gutters
(type 2), the flame length at a width of 11 mm reaches the maximum size. When the width increases up to 30 mm, the
flame becomes much shorter, and the value of the L/В complex reaches ≈5.

Fig. 4. Influence of flameholder size on the length of the flame.
Such dependence is typical for all the three variants of v-gutters. However, the smallest size had a large perforated vgutter (type 4). The diagram indicates that the L/B ratio depends on the v-gutter width, and is very weakly dependent
on the type of v-gutter. It is also apparent that regardless of the type of the v-gutter, as the flameholder width
increases, the value of the L/B complex tends to become a single value ≈3.
Lean blowout
The dependence of the equivalence ratio values at lean blowout on the flameholder width is shown in Figure 5. As an
incomplete amount of air volume was involved in the combustion process, the equivalence ratio was calculated, using
the following formula [20]:
(2)

Fig. 5. Influence of flameholder size on lean blowout limits.
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It is apparent that using a standard v-gutter (type 1) expansion of the flameholder width leads to the extension of the
blowout limit. A perforated v-gutter (type 2) within the whole range, except for B=35 mm, has better performance
indicators, as compared to a standard v-gutter. However, when the width is B = 35 mm, the blowout limit decreases.
It also apparent that the use of large perforated v-gutters (type 4) lead to a considerable increase in thestabilization of
the flame. The fuel concentration value, with the use of such v-gutters, is several times lower when compared to the
standard v-gutters (type 1, 2). It was also noticed that a large non-perforated v-gutter (type 3) had very poor
characteristics, as the flame combustion was stable at the width of 60 mm only. All theories relating to flame
stabilization indicate [1] that the expansion of the flameholder width increases the limits of stable combustion.
However, the walls in the channel system restrict the air flow around the flameholder, which results in the air speed
becoming higher than it would be in the open space. Such circumstances lead to the reduction in the width of the
recirculation zone. It can be concluded that an increase in the geometric blockage - by way of increasing the size of
flameholders or narrowing the channel - reduces the size of the recirculation zone, which, in turn, leads to a reduction
in stability. This was noticed when the width of the perforated flameholders increased up to 60 mm. The dependence
of lean blowout limits on the absolute air flow into the recirculation zone is shown in Figure 6. It is apparent that with
the use of standard v-gutters (type 1), there is an air flow, at which, the maximum blowout value is achieved,
Grec≈1.7. With an increase in the air flow, the blowout limits reduce slightly. The type of dependence for the
perforated v-gutter (type 2) is practically identical. The maximum φ blowout value is achieved at Grec ≈1.5. It is
apparent than when using large v-gutters (types 3,4) the blowout limits, at similar Grec values, are much lower.

Fig. 6. Influence of absolute air flow on lean blowout performance.
It may be concluded from the data presented that there is a significant dependence of blowout limits on the air flow
into the recirculation zone. When using large perforated v-gutters (type 4), the blowout limits depend much less on
the absolute air flow, into the recirculation zone.
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Pressure losses
The dependence of pressure losses on the type and width of v-gutters is shown in Figure 7. The following formula
[19] was used for the calculation of pressure losses:
(3)
Obviously, the expansion of the v-gutter width leads to increasing air losses. At the v-gutter width of 11 mm, all of
them have similar loss values, which is associated with the fact that such width of the v-gutter has a minor impact on
the flow. When the width increases up to 35 mm, pressure losses of the standard v-gutters (type 1) amount to 25%.
Losses of similar perforated v-gutters (type 2) are equal to 22%. An expansion of the width up to 60 mm while using
perforated v-gutters (type 4), leads to an increase in losses up to 25-26%. Losses of non-perforated v-gutters, at the
same width, are equal to 27-28%. It may be concluded from these results that the pressure losses depend
insignificantly on the type of v-gutters, but depend greatly on their width.

Fig 7. Influence of flameholder size pressure loss.
Combustion intensity of the combustion zone
The equation given in [17] was used to determine the combustion intensity:
(4)
The dependence of the combustion intensity on the v-gutter flameholder width is shown in Figure 8. When using vgutters of 1 and 2 types, the combustion intensity does not depend strongly on the flameholder width, and is within
the range of 17000-14000 W/m3. However, the large size of the v-gutter flameholders lead to a considerable increase
in the combustion intensity. At the width of 11 mm, the qv value is equal to 33000; expansion of the width, up to
60mm, leads to thedecreaseof the combustion intensity to 24000-25000 W/m3.
IJPT| Dec-2016 | Vol. 8 | Issue No.4 | 27369-27380

Page 27375

D. R. Umyshev*et al. International Journal of Pharmacy & Technology

Fig 8. Influence of flameholder size on combustion intensity.
Formula for determining blowout limits
A modified variant of formula [15] was presented on the basis of the obtained experimental data for lean blowout
limits calculation, using bluff bodies in the form of v-gutter flameholders. The formula takes into account the v-gutter
surface structure and the efficiency of fuel mixing in the recirculation zone.
(5)
Flame structure
Photos of the flame behind the v-gutter flame holders, at various widths, are shown in Figure 9. As noted, the
increase in the v-gutter width leads to the expansion of the recirculation zone. At the width of 35 mm, the flame has
two recirculation zones. It is also apparent that there is a thin blue line, breaking away from the v-gutter edge. It
should be noted that its size increases as the distance grows. Reduction in the v-gutter width leads to the narrowing of
the recirculation zone, and elongation of the flame. When using perforated v-gutters, the flame structure is similar.
However, in contrast to the standard v-gutters (type 1), there is a high-temperature bright yellow zone "inside" the
perforated v-gutters.

Fig 9. Influence of flameholder size on flame structure. a-type 1, b – type 2.
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CFD analysis
CFD analysis of the combustion process behind the v-gutter flameholders was carried out, with the aim to confirm the
obtained results. Longitudinal velocity profiles were obtained, as seen in Figure 10. The article defines that the
velocities lower than or equal to zero are considered to be the recirculation zones. As the figures show, the expansion
of the flameholder width leads to an increase in the recirculation zone. It should be noted that at the minimum width,
a flow is practically undisturbed. Expansion of the width leads to the appearance of negative v behind the
flameholders, and an increase of the velocities at v-gutter edges. As the figures show, the maximum speed values
reaches 20 m/s.

Fig 10. The longitudinal velocity profiles behind flameholders. a-type 1, b – type 2.
As mentioned above, a flow in the channel results in the velocities around the flameholdersto have higher values,
which leads to a certain narrowing of the recirculation zone. There are also significant differences noticed between
the recirculation zone of a standard v-gutter (type 1) and a perforated one (type 2). When using a perforated v-gutter,
there are zones of positive and negative speeds which may appear within the v-gutters, allowing the mixing of fuel
and air in a more efficient manner. It is also obvious that at the width of 35 mm, the velocity profiles around the vgutters have lower values, due to the fact that a part of the air enters the recirculation zone through the perforations.
According to [1], the speed reduction around the v-gutter leads to an increase in the limit of stable operation, proved
by the experiment conducted.
Conclusions
The dependence of absolute air flow into the recirculation zone onthe width and type of flameholders was
investigated. When using perforated flameholders, the air flow into the recirculation zone was less than that with
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standard flameholder. However, at the same values of air flow, the perforated flameholders showed a better blowout
performance.
It is shown that the flame length is mostly dependent on the width of theflameholder. The perforated and
standardflameholders had a few differences. Also, it showed that the big perforated flameholders can increase the
combustion intensity by 1.5-2 times, compared to the standard flameholders.
On the basis of the conducted experiment, the authors offered an equation for the calculation of the lean blowout
limits. Conducted CFD modelling revealed the strong influence of the v-gutter type on the blowout performance, and
the velocity contours in the recirculation zones.
Nomenclature
B – width of flameholder [mm]
d – nozzle diameter [mm]
– area of the flameholder [m2]
– fuel flow on the blowout [kg/s]
– stoichiometric coefficient(=10·10-3·0,266·Qwl )[-]
L – flame length [m]
P – pressure, [kPa]
Qlw – lower heating value [kJm-3]
qv – combustion intensity [Wm-3]
– volume of recirculation zone [m3]
– volume of the flame [m3]
Greek symbols
ρair – density of air [kgm-3]
ρgas – density of gas [kgm-3]
– specific density of air [m3kg]
ωair – air velocity [ms-1]
ωg – gas velocity [ms-1]
φLBO– lean blowout equivalence ratio [-]
φ – equivalence ratio [-]
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