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Abstract

The characteristics of the recirculation zone forming behind a burner rim was inves-
tigated experimentally in several tube burners with different rim sizes fitted in parallel
with air flow. Propane-air mixture was supplied to the burners with 14 and 20 mm inner
diameter. Temperature and length of the zone were measured for various mixing ratios,
mixture and parallel air velocities.

The results show that temperature of the recirculation zone is affected by the mixing
ratio and the flow velocities, but the length of the zone is not affected by the mixing
ratio. The representative temperature of the zone depends on the mean mixing ratio
within the zone as a result of mass exchange between the zone and the two streams.

Measurements for cold flow indicate that the length shows different behaviors in
comparison with combustion flow. Empirical equations for the characterized length of the
recirculation zone were obtained for each flow state as a function of blockage ratio and
mass velocity ratio. It was found that the characterized length is independent of the

inner diameter of burner tube.

1. Introduction

The Blow-off mechanism of a simple premixed burner flame was explained in
terms of the boundary velocity gradient theory proposed by Lewis and von Elbe?.
A number of experiments confirmed the applicability of the theory. However, this
theory can not be applied to the case of double concentric burning jets, because the
flame seems to be stabilized by the recirculation zone formed behind the burner rim.
This fact suggests that the blow-off mechanism of the double concentric jet flame
is different from that of a simple burner flame.

It was revealed in our previous papers?*™® that the recirculation zone in which
burnt gases as well as active species are circulating, acts as a low velocity region and
a source of heat and active species for fresh mixtures, which coincides with the ob-
servation in a wake flame of a bluff body fitted within a mixture stream. Therefore
the double concentric jet flame is stabilized by the recirculation zone, in spite of the
fact that our previous and present results do not correspond with the results for
a bluff body by Zukoski and Marble®.

According to the ignition delay concept?, blow-off limits can be determined by
the passage time, namely the time that a mass element of fresh mixture requires
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to sweep past the recirculation zone (the time is
obtained by dividing the length of the zone by the
mixture flow velocity). A fresh mixture is given
sufficient energy to be ignited within this time.
Therefore, blow-off is governed by the length and
the temperature of the zone.

In the present paper, we clarified the effects
of parallel air flow velocity and thickness of burn-
er rim on the flame stability limits, and the behav-
iors of the temperature and the length of the
recirculation zone which are the basic factors for
flame stabilization.

2. Experimental apparatus

A schematic diagram of the main part of the
experimental apparatus is shown in Fig. 1. Pro-
pane used here as fuel is of 97.5% purity and is
premixed with primary air. The mixture is car-
ried to a burner tube set coaxially in the cylindrical
test section. The parallel air stream, ensuring a
fully developed turbulent flow, surrounds the burner
tube. The range of mixture and parallel air ve-
locities are 10~100 and 20~70 m/s, respectively.
Seven kinds of burners shown in Fig. 2 are used.
The rim thicknesses # with burner of 14 mm inner
diameter d are 4.9, 10 and 14 mm, and with 20
mm i.d., 7, 13, 18 and 20 mm. The outer wall
expanded angle of each burners are designed for
less than 14 degree angle to prevent flow sepa-
ration on the wall. Experiments were also per-
formed in an isothermal flow for the purpose of
comparison.

(i1) (iii)

Fig. 3. Photographs of various flames.
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Fig. 1. Schematic diagram of main-
part of experimental appara-
tus.
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(iii) Crown flame (iv) Counter flow flame
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. 60
3. Flame geometries 0 £/d=10/14
The forms of the flames are classified into £ U2=20.Om/s
the outer flame, the inner flame, the crown Dé"o' ?

flame and the counter flow flame by the situa-
tion of the flame front and flame geometries.
Photographs of those flames are shown in Fig.
3. The regions appearing in these flames are
shown in Fig. 4. In the figure U, is parallel .
air flow velocity and Upjx mixture flow veloc- 0 0.5 1.0 15
. . . . . . @ Kalr/fuel)/air/fuel)st)
ity and ¢ mixing ratio defined as (air/fuel)/(air/

fuel)y,. The inner flame has a flame front on
the inside edge of burner rim and the outer
flame on the outside edge. In the photograph
of the inner flame in Fig. 3, the recirculation

Fig. 4. The existence region of each flame.

Upper blow-off limit
Lower blow-off limit
Inner flame

Outer flame

Crown flame
Counter flow flame

OO

zone can be clearly recognized outside the flame
base. The crown flame is formed only in the
recirculation zone, and the main flame behined the zone is blown out. The counter
flow flame does not have the zone behind the rim, and swirling luminous particles
are observed in the flame. These results are the same as our previous results
obtained with small burners of 8 mm i.d.*>®,

4. Effects of parallel air flow velocity and the thickness
of the burner rim on flame stability region

The results shown in Figs. 5 and 6 indicate that the flame stability region is
varied by the parallel air flow velocity U, and thickness of rim z. The same tendency
was also reported in our previous papers®?.

The effect of increasing U, is shown in Fig. 5. The flame stability region shifts
in the directions of increasing Uy and ¢. A case which shows an increasing ¢ is

100 100
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o U2=20my/s d=14 mm
R&’ ¢35 o t=14 mm
1“& %y @ 50 a 10

o 4.9
RN
e |

W\\i\

0 0
0 0.5 1.0 1.5 20 0 0.5 1.0 1.5 20
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Fig. 5. Effects of parallel air flow velocity Fig. 6. Effects of rim thickness ¢ on flame

U, on flame stability region. stability region.
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shown in Fig. 6. The upper limits shifts in the direction of both increasing Upix
and ¢, but the lower limits show an opposite tendency, and the region in which the
crown flame appears shifts in the direction of greater Up;. and smaller ¢. Any
increase of U, and ¢ effect the flame stabilization since the recirculation zone becomes
larger, however, these results show that the variation of the flame stability region
can not be explained by the size of the zone only.

5. Temperature in the recirculation zone

Temperature measurements were carried out with a silica coated Pt-Pt 13% Rh
thermocouple of 0.1 mm diameter, without radiation correction. It has been reported
that the gas temperature in the recirculation zone behind a bluff body was uniform?,
however, for double concentric burning jets, as shown in Fig. 7, the recirculation
zone had a temperature gradient because of the cold air flow surrounding the burner
tube. In Fig. 7, Iz, is the length of the recirculation zone and dot-dash lines (FF)
represent the situations of the flame fronts.

The temperature gradient close to the burner rim is so small that the temperature
distribution within the zone is regarded as almost uniform. Consequently, the re-
presentative temperature of the zone T, was decided at a distance of ¢ above the
rim on the center plane of the rim. Variation of Tr; with Unis, U; and ¢ was
measured. The constant T'p, diagram is shown in Fig. 8 together with the flame
stability region. Under the conditions of constant Upix Or ¢, in case of the inner

t/d=18/20 t/d=18/20 t/d=18/20
Uz =280 m/s Uz =26.9m/s U2 =272 m/s
Umx = 9.2 m/s Umix=20.3m/s Umix= 37.8 m/s
@ =0.28 ! ¢ =0.407 ® =0.66
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Fig. 7. Temperature distribution.

(i) Outer flame (ii) Inner flame (iii) Inner flame near blow-off
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Fig. 8. Isothermal lines of the represent- 0 B 40 60 80
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ative temperature in the recircula-
tion zone Trz. Fig. 9. Effects of U; on Trz.
flame, Tz, decreases according to the increase PRV
. . o [ 20 [8-53] 0.
in ¢ or Upix, and in case of the outer flame, 4o Ten

1.0 x 60 |8~

T'rz shows the opposite tendency. The effect ey, VOO0 > 30 o213
H 2 .4-1.
of U, on Ty is shown in Fig. 9. Flame  ° P YR TR XE R,
geometries of each measuring point were all Eos ; \WN\C
~
in the inner flames except for the right end (&, ot

point of the line of 20.6 m/s Uy, In this
figure, Ty, increases with an increase in U,
at the inner flame, and decreases in case of 0 ! ém 3 4
the outer flame. Both figures show that T,

becomes maximum at the inner flame near

the transitional region between the inner and the outer flame, and shows minimum
values at the flammability limits.

From these results, it can be assumed that the increase in Uy brings on the
increase in quantity of the parallel air flowing into the recirculation zone, and the
increase in U, brings on the increase in quantity of burnt gases flowing into the
zone.

Fig. 10. Variation in Trz/Tmax vs. $rz.

Trz depends on the mean mixing ratio ¢gz, since Tz is a result of mixing the
burnt gas and the parallel air which flows into the recirculation zone. Further the
maximum temperature in the zone T, varied with the conditions of flow velocities
and ¢. Therefore, Tr; will probably vary in conjunction with the variation of T,y
The variation of the ratio of Tz t0 Thex versus ¢z, is shown in Fig. 10. The
measured values in which ¢z was below 0.7 were for the outer flame and the other
for the inner flame. For the inner flame, keeping ¢ constant (¢=0.5), Trz/Tmex
presented a good correlation to ¢gz but the other points did not show such a cor-
relation. It is assumed that this discrepancy is caused by the exothermic reaction
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in the recirculation zone. Hence, for the estimation of Ty from ¢ and the flow
velocities, it is necessary to carry out more detailed measurements with special con-
sideration to the chemical reactions.

6. The length of the recirculation zone

The length of the recirculation zone Iz was measured by means of flame reac-
tion to salt solution in combustion flow. The boundary of the recirculation zone
was defined as the middle of a space where flame reaction occurred intermittently
in the flow. For cold flow, the length lps was measured using the smoke scattered
light technique in a similar to combustion flow.

Typical results of measurements in combustion are shown in Fig. 11. 2 defined
as 03Uy OmixUmix 18 mass velocity ratio, where p is density. Since ¢ was different
for each measured point, /zz is independent of ¢, and increases with the increasing
A exponentially. The same results were obtained for other burners, thus it may be
said that lpg/t is proportional to 29%. Moreover Fig. 12 shows the effect of the
blockage ratio /B where B is the width of the annular jet. It was shown that [z /¢
is proportional to (¢/B)*-5320-% since the slope in Fig. 12 is about 0.58. Finally the
following empirical equation may be obtained for the length of the recirculation zone

10 .
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2 o Uz=20.0mss 2
o 26.8
35.0
50.1
1 | I I
02 0.5 1 2 5 )
A X 0.2 0.5
Fig. 11. Length of recirculation zone 8
in combustion flow. Fig. 12. Effects of blockage
ratio on lrzr.
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Fig. 13. Length of recirculation zone in t/B
cold flow.

Fig. 14. Effect of blockageratio on lrz.
for 2<1
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in combustion,
Lngslt = 11.5 (¢ B)o-50-35 (1)

However, the above equation is not applicable in the greater A.

For cold flow the behavior of lzz shown in Fig. 13 differed greatly from the
tendency seen in combustion. The behavior of Iz, to A is distinguished into three
regions, namely, 2<1, 1<2<1.5 and 2>>1.5. In the region of 2<1, gy is proportional
to 2% and in the region of 2>>1.5, it is proportional to 2%  These results also
agreed well with the results obtained with the other burners. The effect of blockage
ratio is shown in Figs. 14 and 15. Each slope of curves is 0.18 and 0.47, respectively.

From the above results we may express the length for cold flow approximately as
follows,

Lzt = 4.27 (¢/ B)°-180-30, (2< 1), (2)

{pgeft = 4.30 (¢/ B)o-+720-66, (2>1.5). (3)
The previous result with a small burner for cold flow is compared with the present
results in Fig. 16. The agreement between the two is generally good, however, there
is a slight disagreement which is thought to be attributable to the difference in the
measurement method and the evaluation of the blockage ratio. Therefore it is con-

cluded that the above equations are proper in general and the generalized Iz, is
irrespective of the inner diameter of burner tube.

7. Discussion

The remarkable difference between Iy and lzy, is caused directly by the thermal
expansion of the recirculation zone. Disagreement in each corresponding exponent
of the empirical equations suggests that the rate of expansion of the zone is different
according to the variation of 2 and #/B. It is surmised that the expansion depends
on Trz, with emphasis on ¢

Although we obtained the result that lzs is independent of ¢, Tz, depends
on ¢ and the variation in Ty with ¢ is not small. Ty, varies as ¢ varies, and if
the rate of expansion of the zone depends on Tz lzz is expected to vary, however,
the experimental results showed no effect of ¢ on lzz. This is a clearly discrepant
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phenomenon, however, it could not be explained based on the present measurements.

In accordance with the relation between flame stabilization and the recirculation
zone, an increase in either U, or ¢ results in the increase in the length of the zone,
however, each of the effects on flame stabilization is not similar as shown in Figs.
5 and 6. As described above, the mechanism of the flame stabilization for double
concentric burning jets can not be explained only by the length and the temperature
of the zone alone. The ignition delay concept cannot be applied to these phenomena.
In order to clarify the flame stabilization mechanism, the aerodynamical and chemical
structure of the recirculation zone must be studied in more detail.

8. Conclusions

(1) The increase in the parallel air flow velocity and the thickness of burner
rim increases the limit of the upper blow-off, as a result of the increase in the length
of the recirculation zone.

(2) For the inner flame, the representative temperature of the recirculation zone
decreases as the mixture velocity and the mixing ratio increase, and increases as
the parallel air flow velocity increases. For the outer flame, the opposite tendency
to the inner flame is observed.

(3) Maintaining a constant mixing ratio, the representative temperature in the
recirculation zone depends on the mean mixing ratio in the zone.

(4) From the measurment of the recirculation length it was found that the length
is independent of the inner diameter of a burner tube, and the length in the combus-
tion flow is independent of the mixing ratio. Empirical equations related to the length
of the recirculation zone in both combustion and cold flow were obtained.

(5) The ignition delay concept can not be applied to the blow-off mechanism
of double concentric burning jets.
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