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The study of micro flame characteristics is an essential basis for developing micro
combustors. Therefore, the non-premixed C;Hg-air micro flame characteristics
were experimentally studied. Flame length, flame shape, and blow-out limit were
studied by varying the equivalence ratio, @, the inlet velocity of CsHg-air, v, and
angles of the burner. The results showed ignited non-premixed CsHg-air had three
combustion states: no flame, a stable flame, and a blow-out flame. Whether ignited
non-premixed C;Hg-air could form a stable flame mainly depended on @ and v. In
addition, total flame lengths increased with the increase of @ and v firstly. How-
ever, when @ increased to a certain value, total flame lengths were independent of
@ and only affected by v. Moreover, flame length and shape were affected by the
angle of the burner. Instead, the blow-out limit was found to be associated solely
with @, but not the burner angle. The findings of this study provided fundamental
data for the development of high-efficiency micro combustors.

Key words: blow-out limit, flame stability, flame shape, flame length,
non-premixed flame

Introduction

Micro energy system based on hydrocarbon combustion has higher energy density
than traditional batteries, which is a trending research topic. A micro combustor is one of the
most important components of a micro energy system. The research of micro flame [1, 2] is
the basis for the development of high-efficiency and high-reliability micro combustors. Re-
search of flame on a small scale [3, 4] is significant to completely understand micro combus-
tion characteristics.

When the combustible gas and oxidant are thoroughly mixed before ignition, the
flame is a premixed flame. Several researchers [5, 6] have studied the characteristics of pre-
mixed flame. Jiang et al. [7] determined the flame height and blow-out limit of premixed
CHg-air flames. The results show that the flame height is proportional to the incoming flow
velocity. N-heptane-air [8] and n-butane-air [9] premixed flame characteristics were also
studied experimentally. Moreover, Wan et al. [10] illustrated the blow-off mechanisms of
CH;-air premixed flame. The previous studies have made outstanding contributions to under-
standing premixed flame structure [11, 12]. However, most of the studies are focused on the
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premixed [13] rather than non-premixed flame. The influencing factors of non-premixed
flames are complex [14]. Recently, researchers [15, 16] also studied non-premixed flame. Li
et al. [17] conducted experiments to investigate the effect of external air on the characteristics
of non-premixed methane/air flame. Zhao et al. [18] found a thermal coupling between micro
flame and nozzle, and the influence of the nozzle on the flame was significant. In previous
studies, hydrogen, CH,, n-butane, etc., were primarily used as combustible gas. However,
studies on propane-air non-premixed combustion are not sufficient, and the impact of burner
angle on flame characteristics is seldom studied.

Due to the lack of studies on the flame characteristics of non-premixed C;Hg-air
combustion, especially the influence of burner angle on flame characteristics, this paper de-
veloped a non-premixed CsHg-air combustion experiment set-up. In the present study, the
effects of equivalence ratio, @, the velocity of non-premixed CsHg-air, v, and the placement
angle of the burner on the flame characteristics such as blow-out limit, flame length, and
flame shape were studied. This work is expected to provide fundamental data for micro-scale
non-premixed combustion.

Experimental design and specifications

A schematic diagram of the experimental set-up is presented in fig. 1. A high pres-
sure gas cylinder released propane. An air compressor provided air. The volume flow rates of
propane and air were regulated by high precision mass-flow controllers (MKS 1179A) with
an accuracy of £1% and the response time was not more than 1 seconds. A tube with an outer
diameter of 5 mm and a wall thickness of 1 mm was used to connect the propane cylinder or
the air compressor, ball valves, and mass flow controllers. Propane and air were mixed in the
tee, then entered the burner. The burner was a round stainless steel tube with an outer diame-
ter of 5 mm and a wall thickness of 1 mm. An igniter was used to ignite CsHg-air at the burner
outlet. When ignited C3;Hg-air formed a stable flame, the flame length was measured using a
ruler. The camera (Cannon EOS M6 MRK II) captured the flame shape.
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Figure 1. Schematic of the experimental setup; (a) with the horizontal burner and
(b) with the vertical burner
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Equivalence ratio, @, is the mole ratio of air required for complete combustion of
fuel in theory to air actually supplied, which is equal to actual fuel air mole ratio divided by
stoichiometric fuel air mole ratio for complete combustion. For example, if volume flow rates
of CsHgand air are 0.10 Lpm and 0.7 Lpm, respectively, the actual fuel air mole ratio is
0.1/0.7 = 0.143. However, for complete combustion of 1 mol C3Hg, 23.8 moles air are re-
quired, which means the stoichiometric fuel air ratio is 1/23.8 = 0.042. Thus, @ = 0.143/0.042
= 3.40. The velocity of non-premixed CsHg/air, v, is equal to the volume flow rate of
non-premixed CsHg-air divided by the cross-sectional area which is calculated based on the
inner diameter of the burner.

Results and discussions

Blow-out limit

Affected by @ and v, ignited non-premixed CsHg-air had three states: no flame, a
stable flame, and a blow-out flame. Only when @ reached a specific value, ignited
non-premixed CsHg-air in a specific range of v could form a stable flame. However, when v
further increased beyond a certain value, the flame was blown out. The certain value of v was
the blow-out limit of CsHg-air at a certain @. To study the relationship between @ and
blow-out limits, the following experiments were conducted.

Firstly, blow-out limits of non-premixed Cz;Hg-air with different @ were measured
for the horizontal burner shown in fig. 1(a). The process was divided into two steps: Step 1
involved the measurement of blow-out limits of non-premixed Cs;Hg-air with a certain @.
Taking @ = 3.40 as an example. The volume
flow rate of C3Hg was set at 0.10 Lpm at first
because the minimum volume flow rate that the ~ 200{ Biow oulflame‘
propane mass-flow controller can stably control _ 3807

was 0.10 Lpm. Subsequently, the air volume £ > \S‘ableﬂame
flow rate was set at 0.7 Lpm. After that, to ob- @ 51
serve the combustion state of C3Hg-air, CsHg-air < 3007 P R

@ Vertical burner

was ignited at the outlet of the burner. If the S 280
flame was not blown out, the next experiment
was proceeded. The volume flow rate of CzHg 22
increased at the interval of 0.01 Lpm, while the 200
volume flow rate of air increased at the interval S 7= ¢ 15 12 12 1e
of 0.07 Lpm. As the volume flow rates of C3Hg Equivalence ratio

and air increased, v increased. When the flame Figure 2. Comparisons of blow-out limits for
was blown out, the value of v was the blow-out t;””‘e';s with different d'rle‘:t'%”stt

limit of CsHg-air at @ = 3.40. In Step 2, & was (°" c0lOF image see journal web site)
changed, and corresponding blow-out limits were measured. Thus, blow-out limits of
CsHg-air at different @ for the horizontal burner were obtained.

Next, the burner angle was adjusted horizontally to vertically by adding a 90° elbow,
and a burner which size was the same with the horizontal burner. The vertical burner is shown
in fig. 1(b). Furthermore, Steps 1 and 2 were repeated to obtain blow-out limits of CsHg-air at
different @ for the vertical burner. Comparisons of blow-out limits for the horizontal and
vertical burner are shown in fig. 2.

In fig. 2, the red and black solid line represented blow-out limits for the vertical and
horizontal burner, respectively. When v was bigger than the blow-out limit, the flame was
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blow out. However, when v was equal to or smaller than the blow-out limit, the flame was
stable. As seen from fig. 2, the red and black solid line coincided completely, which suggest-
ed that burner angles did not affect blow-out limits. Furthermore, with the increase of @,
blow-out limits noticeably increased. For instance, when @ were 3.40 and 9.52, blow out
limits were 188.7 cm/s and 412.8 cm/s, respectively. Stated differently, for v > 188.7 cm/s,
ignited non-premixed CsHg-air at @ > 3.40 could form a stable flame. However, when v in-
creased to be greater than 412.8 cm/s, no matter how @ increased, the flame was blown out.
That was to say, the value (v = 412.8 cm/s) was the blow-out limit of C3Hg-air at @ > 9.52.
Besides, it was found that @ and v affected the flame length and shape.

Flame length

A series of experiments were designed to study the effects of @ and v on flame
lengths. Taking @ = 4.76 as an example, the experimental design is listed in tab. 1.

Table 1. Experimental design for @=4.76
Volume flow rate of CsHg, [Lpm] | 0.10 | 0.11 | 0.12 | 0.13 | 0.14 | 0.15 | 0.16 | 0.17 | 0.18 | 0.19
Volume flow rate of air, [Lpm] 050 |055| 06 |065| 0.7 |0.75| 0.8 |0.85| 0.9 | 0.95
Volume flow rate of CsHg-air, [Lpm] | 0.60 | 0.66 | 0.72 | 0.78 | 0.84 | 0.90 | 0.96 | 1.02 | 1.08 | 1.14
v, [cms’l] 141.5]1155.7(169.9|184.0|198.2 | 212.3|226.5 | 240.6 | 254.8 | 268.9

Firstly, volume flow rates of propane and air were set on two mass-flow controllers,
respectively. For example, the volume flow rate of C3Hg was set at 0.10 Lpm. Then, the air
volume flow rate was determined to be 0.50 18
Lpm for @ = 4.76. Non-premixed C3Hg-air was
subsequently ignited at the burner outlet. In this
case, ignited CsHg-air could form a stable flame.
Then, the total flame length was measured with
a ruler. Thus, the total flame length was rec-
orded for v = 141.5 cm/s and @ = 4.76. Sec-
ondly, v was changed while @ was kept con-
stant at 4.76 by changing volume flow rates of
CsHg and air in proportion. The data of total
flame lengths for different v were recorded one
by one until the flame was blown out. Finally,a ; ; ; ; ;
series of experiments with various v as shown in 100 150 200 Vi =0 | 800 350 400
tab. 1 were performed for @ = 4.76. Figure 3. Total flame lengths vs. v for the hori-

Following this, experiments were carried zontal burner

out for @ = 3.38, 3.95, 5.95, and 6.81. Experi- (for color image see journal web site)
mental results are summarized in fig. 3.

As shown in fig. 3, when @ was at the range of 3.38-6.81, the following rules were
obtained. Firstly, the larger the @, the larger the blow-out limit (see the red dash-dotted line in
fig. 3) and the wider the range of v for stable flame. Secondly, when non-premixed CsHg-air
at the same v and different @ was ignited to form a stable flame, the larger the @, the larger
the total flame length. Thirdly, the total flame length increased with increasing v. To compare
effects of burner angles on total flame lengths, total flame lengths for the horizontal burner
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[=2]
L

—
S
1

Total flame length [cm]
S . ®




Jiang, F., et al.: Flame Characteristics Influenced by the Angle of Burners for ...

THERMAL SCIENCE: Year 2022, Vol. 26, No. 6B, pp. 5147-5156

5151

n
(&)

n
o

-
0
L

o«

Total fiame length [cm]
S

0.88"

Horizontal burner
Vertical burner

T

2 4

T T T T
6 8 10 12
Equivalence ratio

T
14 16

Figure 4. Total flame lengths vs. @ at
v =200.5 cm/s and when burner was plac
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ed

were compared with those for the vertical burn-
er at the condition of v = 200.5 cm/s. The re-
sults are presented in fig. 4.

From fig. 4, the following rules can be
observed. Firstly, when v = 200.5 cm/s, at the
same @, the total flame length for the vertical
burner was greater than that for the horizontal
burner. Secondly, the larger the @, the bigger the
difference of total flame lengths for the hori-
zontal and vertical burner. For instance, when @
was 3.54, the total flame length for the vertical
burner was only 0.8 cm greater than that for the
horizontal burner. However, when @ increased
to 17.49, the difference increased to 11 cm. The

reason was that flame lengths are controlled by
both buoyancy and momentum [19]. Buoyancy
lifted the flame in vertical direction which resulted in the elongated flame for the vertical burner
and the upward bending flame head for the horizontal burner.

Besides, non-premixed CsHg-air in the range of v = 150~250 cm/s burnt stably in a
large range of @. Therefore, the effects of @ on the flame length, flame structure and shape
were investigated under three conditions: v = 153.3 cm/s, v = 200.5 cm/s, and v = 247.7 cm/s.
For further study, v = 153.3 cm/s was selected as an example. When v = 153.3 cm/s, the vol-
ume flow rate of non-premixed CsHg-air was 0.65 Lpm. First, the volume flow rates of C3Hg
and airwere set as 0.10 Lpm and 0.55 Lpm, respectively. Later, volume flow rates of CsHg
increased at an interval of 0.01 Lpm, while volume flow rates of air decreased at an interval
of 0.01 Lpm. Therefore, @ changed while v remained the same (v = 153.3 cm/s). The experi-
mental design is presented in tab. 2.

Table 2. Experimental design when v =153.3 cm/s

\Volume flow rate of C3Hg, [Lpm]| 0.10 | 0.11 | 0.12 | 0.13 | 0.14 | 0.15 0.38
Volume flow rate of air, [Lpm] | 0.55 | 0.54 | 053 | 0.52 | 0.51 | 0.50 0.27
(0] 433 | 485 | 539 | 595 | 654 | 7.14 3351

Total flame lengths influencing by @ and v are shown in fig. 5 under the following
conditions: v = 153.3 cm/s, v = 200.5 cm/s, v = 247.7 cm/s.

As shown in fig. 5, firstly, for v =200.5 cm/s, the minimum @ when ignited
non-premixed CsHg-air could form a flame, was 3.54 . However, for v = 247.7 cm/s, only
when @ increased to 4.62 or higher, ignited non-premixed CsHg-air could form a stable flame.
As a result, the following conclusion was drawn: the greater the v, the greater @ was needed
when ignited non-premixed CsHg-air could form a stable flame. However, when ignited
non-premixed CzHg-air could form a stable flame, the minimum @& for v = 153.3 cm/s (@ =
4.33) was bigger than that for v = 200.5 cm/s (@ = 3.54). It seemed to be inconsistent with the
conclusion, however, there was a reason. For v = 200.5 cm/s, the volume flow rate of
non-premixed CzHg-air was 0.85 Lpm. Since the minimum volume flow rate that the mass
flow controller of C3Hg can stably maintain was 0.10 Lpm, so volume flow rates of C3Hg and
air were set as 0.10 Lpm and 0.75 Lpm, respectively, in the first experiment for v = 200.5
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cm/s. In this case, @ = 3.19. But ignited Sisbie flame
non-premixed CzHg-air could not form a stable ——
flame. That is, ignited non-premixed C;Hg-air A

?
'€

was in no flame state for @ = 3.19 when v = Em- p o ofesegos

200.5 cm/s. Next, volume flow rates of CsHg & P a

and air were set as 0.11 Lpm and 0.74 Lpm, 12 Fp i g

respectively. In this case, @ = 3.54. In the se- 2 £ L

cond experiment for v = 200.5 cm/s, ignited 5'°] L S e

non-premixed CsHg-air could form a stable | ¢ __.-"' & 1o= 500 arnie
° A v=247.7 cm/s

flame with 6.1 cm length. So the minimum @, J
ignited non-premixed CiHg-air with which 5| o

could form a stable flame, was 3.54 for v = 5 R R e T e
200.5 cm/s. LikeWiSG, for v = 153.3 Cm/S, the Equivalence ratioo

volume flow rate of non-premixed Cs;Hg-air was Figure 5. Total flame lengths under various @
0.65 Lpm. Volume flow rates of CsHg and air ‘E%‘é ; L}frf’ef Sv’;‘f: é%%g ﬁ(r:‘r/isz'o?qqgnz‘y] cm/s
were f!rstly set as. 0.10 Lpm and 0.55 Lpm, (for color image serzajournal web site)y
respectively. In this case, @ = 4.33. The ex-

periment demonstrated ignited non-premixed CsHg-air could form a stable flame with 6.2 cm
length. According to the blow-out limit results shown in fig.2, the following may be noticed:
the smaller the v, the smaller the @ of non-premixed C3;Hg-air. When @ was 3.40, blow out
limit is 188.7 cm/s. Therefore, the minimum @& for v = 153.3 cm/s, ignited non-premixed
C3Hg-air with which could form a stable flame, was a value smaller than 3.40. That was to
say, the minimum @ for v = 153.3 cm/s (@ < 3.40) was smaller than that for v = 200.5 cm/s
(@= 3.54). Thus, the following conclusions can be drawn: the greater the v, the greater @ was
needed ignited non-premixed Cs;Hg/-air with which value could form a stable flame. Secondly,
the total flame length first had a marked increase and then appeared to flatten as @ increased.
Figure 5 revealed that the larger the v, the larger the slope of total flame length curve. It indi-
cated that the larger the v, the faster the total flame length increased. However, when @ in-
creased to a certain value, the total flame length did not increase (fig. 5, see the red dashed
rectangular box). The red dashed rectangular box indicated the increase of the total flame
length went to a plateau phase. This suggested that the total flame length was determined by
@ and v, but determined by v only when @ increased to a certain value. In particular, there
was a phenomenon: the larger the v, the smaller the @ at which value the plateau phase ap-
peared. This phenomenon for non-premixed flame was consistent with the previous study [20]
for premixed flame.

Flame shape

The flame shape for the horizontal burner was studied first. When v = 200.5 cm/s
and @ was 3.54, 4.30, 5.10, 7.33, 11.70, and 16.67, the flames were photographed and the
results are shown in fig. 6.

As shown in fig. 6, the flame consisted of a blue flame section near the outlet of the
burner and a yellow flame section far away from the outlet of the burner (see fig. 6. @ = 3.54).
With the rise of @, the yellow flame section increased and the ratio of yellow flame section
length/total flame length became larger. Moreover, when @ was smaller, the flame head was
kept in the horizontal direction. However, as @ increased, the flame head gradually bent from
the horizontal direction towards vertical. The stretching of the flame head from the horizontal
direction towards vertical caused the length difference between the down blue flame section
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(Bdown, as shown in fig. 6. @ = 5.10) and the up blue flame section (B, as shown in fig. 6. @ =
5.10) to be larger and larger. Therefore, Byown and By, were measured. Subsequently, ratios of
the length of the up blue flame section to the total flame length (B,,/L) and the length of the
down blue flame section to the total flame length (Bgown/L) Were calculated, respectively. The

results are shown in fig. 7.

Yellow flame section

A
A

Blue flame section

Bdown

Figure 6. Images of flames at different @ for v = 200.5 cm/s (The burner was placed horizontally)
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Figure 7. The By,/L and Bgown/L under

various @

(The burner was placed horizontally)

Figure 7 showed that Bgown/L remained
largely unchanged, but Byy/L significantly de-
creased with the increase in @ under the condi-
tions of v = 153.3 cm/s to 247.7 cm/s. This
phenomenon was due to the fact that as @ in-
creased, L and Bgown increased, but B, de-
creased. The flame was affected by the buoy-
ancy effect, which was one of the causes of the
vertically bent flame head. Moreover, incoming
speeds and directions of propane and air both
were different. First, the propane speed in-
creased and air speed decreased as @ rose.
Consequently, the difference between propane
speed and air speed became larger and larger as
@ rose. Therefore, propane and air could not be
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fully mixed at the tee. Second, the incoming direction of air was perpendicular to the CsHg-air
direction, while the incoming direction of propane was aligned with the CsHg-air direction (see
fig. 1). These two differences led to different effects of propane and air on the flame of
non-premixed C3Hg-air. Thus, the phenomenon that the flame head bent upward as @ increased
for the horizontal burner was unique to non-premixed CsHg-air. For premixed CzHg-air, the
phenomenon disappeared since propane and air were fully mixed. An experimental device as
depicted in fig. 1(b) was established to verify this inference. By adding a 90° elbow and a burner
same as the horizontal one, the direction of C3Hg-air was changed from the horizontal direction
to vertical. Finally, flames for the vertical burner were photographed when v = 200.5 cm/s. The
results are depicted in fig. 8.

l @ =3.54 @ =430 @ =5.10 l ®=733 | '—um =16.67
Figure 8. Images of flames at dlfferent @ for v =200.5 cm/s (The burner was placed vertlcally)

As illustrated in fig. 8, with the rise of @, the ratio of yellow flame section
length/total flame length became larger which was consistent with that for the horizontal
burner. However, the flame head did not bend from horizontally to vertically for the vertical
burner, i.e. the flame stability for the vertical burner was better than that for the horizontal
burner. The elbow of 90° could not change incoming speed differences between propane and
air, but it can avoid the influence of incoming directions of propane and air on the flame by
changing the direction of CsHg-air. Therefore, to make the non-premixed flame stable, the
piping layout of non-premixed C3Hg-air should be fully considered.

Conclusions

The present work established a non-premixed CzHg-air combustion experimental
setup. The effects of @, v, and the burner placement angle on the flame length, shape, and
blow-out limit were studied. The following conclusions can be drawn:

o Affected by @ and v, ignited non-premixed C3;Hg-air had three combustion stages: no flame,
a stable flame, and a blow-out flame. Only when v < 412.8 cm/s, ignited non-premixed
CsHg-air could form a stable flame. The larger the @, the larger the range of stable com-
bustion and the bigger the blow-out limit. Besides, the larger the v, the larger @ was needed
to keep the combustion stable. Moreover, the total flame length increased first and then
remained constant as v increased. It indicated that the total flame length was determined by
@ and v, but determined only by v when @ increased to a certain value.

e The @ affected the colour distribution of the flame. The flame color consisted of the blue
section near the burner and the yellow section far away from the burner. The ratio of yellow
flame section length/total flame length became larger as @ increased.
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e The placement angle of the burner had no impact on blow-out limits of non-premixed
C3Hg-air, but it affected the flame length and shape. When @ and v were constant, the total
flame length was longer for the vertical burner than the horizontal burner. Furthermore, the
difference between the total flame length for the vertical and horizontal burner increased
with the increase in @. In addition, when the burner was placed horizontally, the flame head
bent upward as @ increased. However, when the burner was placed vertically, the flame
head upward phenomenon disappeared. Adding an elbow of 90° could avoid the influence
of incoming directions of propane and air on the flame, and the flame was more stable.
Therefore, to make the non-premixed flame burn stably, the piping layout of non-premixed
fuel/air should be fully considered.
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