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Abstract: This paper presents an experimental study of the flame trajectory line length for a buoyancy-controlled dual linear
jet flame at different inclined angles (0° ~ 90°). Two nozzles of the same size (80mm* Imm) were used for the experiments,
propane was used as the fuel, the range of fuel exit velocity was 0.63 ~ 4.17m/s, the range of burner spacing was 0-0.6m, and a
digital camera was used to record the flame morphology. In this paper, a critical spacing Dc is introduced to indicate the change
of flame height, and a prediction model of Dc and fuel exit velocity Uf is established to divide the flame trajectory length with
spacing into two stages, namely: when S<Dc, the flame trajectory length increases significantly with the decrease of nozzle
spacing; when S>Dc, the flame trajectory length does not change significantly with the increase of spacing, and finally
approaches to a single free flame trajectory length. When S>Dc, the flame trajectory length did not change significantly with the
increase of burner spacing, and finally approached to a single free flame trajectory length, so the flame trajectory length showed
a complex non-monotonic evolution. Based on the analysis of the air entrainment, two global models are developed to predict
the trajectory lengths of the buoyancy-controlled dual-jet flame system in two states with different initial inclined angles. the
model was applied to correlate all the data in this study as well as the data in previous studies.

Keywords: Inclined Angles; Two Buoyancy-controlled Linear Jet Flames; Critical Burner Spacing; Flame Trajectory Line
Length.

burner spacing variation on the air entrainment in the flame,

1. Introduction a dimensionless formula was proposed based on the newly

Natural gas transmission pipeline leaks occur frequently deﬁn'ed dimensi'onless heat release rate, using the "effect'ivgt"
and seriously damage the safety of people's lives and property entrainment pe'rlr'neter (P=L+2W+S+aL) as thevchara'cterlstlc
[1,2]. In general, a ruptured pipeline carrying gas at high length, and derlvmg.the ngrmahzed flame merging height apd
pressure can be approximated as a linear turbulent diffusion the ngwly .deﬁne.:d dimensionless hgat release rate exponen‘gal
jet fire based on its root fire shape and large gas ejection relatloqshlp; Li et al [6] quantlﬁed the ﬂame merging
velocity. Jet fires are a fundamental scientific problem in the probgblhty anq flame merged. height for .dlfferent burner
field of combustion and fire research. Previously, the jet flame spacing and different combustion rates using two parallel
characteristics have been studied extensively, for the flame linear burners with aspect ratios (100 mm x 4 mm and 200
height has also been considered as one of the most important mm x 2 mm). A new dimensionless heat release rate including
parameters of fire, and the previous research mainly focused aspegt ratio (an{/ W) is proposed to determine the ﬂame
on the vertical upward jet flame, while the reality of the flame merging probability. And the effect of ground on flame air
may occur at different angles as well as multiple places at the ~ c0iling is analyzed to develop two new segmental models for
same time, thus the study of the behavior characteristics of the predl'ctmg the _merging probablllty. Anq 'Ehe effective
interaction of two linear jet flames with different inclination entrainment perimeter R of a.smgle burner 1s introduced as
angles and their laws, for the prevention of jet flame fusion the characterl.stlc length to derive t.he ﬂame.helght model; He
leading to It is important to study the behavior of two linear et al [7] considered the effect of different size nozzles on the
jet flames with different inclination angles and their laws to flame height apd predict the correlation coefficient model for
prevent the jet flames from fusion leading to greater losses. the flame height Of. a double .rectangular pool fire with

Sugawa et al [3] conducted experiments with rectangular different aspect ratios and distances; Wan et al. [§]
burners with aspect ratios of 1:20 and 1:40 placed parallel to theoretically analyzed th§ effect of air entrainment on two
each other at 30cm above the ground using propane as fuel, buoyant turbulent flames in open space and propose a flame
and proposed a dimensionless model of flame height height model related to the flame heat release rate; Ji et al. [9]
including nozzle size and burner spacing, but the conducted an experimental study on two jet flames with the
experimental data did not fit the model well. Thomas et al [4] same size and different heat release rates, and found that the
conducted experiments using two rectangular burners (width interagtion law and air mtrainrgent mechanism are more
to length ratio of 1:2) to investigate the effect of burner complicated compared with two identical HRR flames, and
spacing on turbulent diffusion flame interactions and found prgposed physwal models for. double r.ectangular flame
that the ratio of the merging flame height to a single free flame heights and air entrainment applicable to different HRRs and
is 6/5; Hu et al. [5] conducted a series of experiments with a the same HRR; Liu et al.[10]investigated the interaction of
burner size of 142.5 mm x 2 mm and proposed a correlation two parallel rectangl.llar flames bY. a comb1pat10n of
between the flame merging probability and the dimensionless experimental obspwatlon and' theoretical analysis. It was
burner spacing D/Zp, in addition, by analyzing the effect of found that for a given burner size parameter, the P,, data and
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the dimensionless flame spacing S/Zc for different interaction
states can be well-fitted by the Boltzmann function. Finally,
the prediction model of dimensionless flame height Z;/ D in
different states is established by defining a new characteristic
length for the two flames as a whole.

For the study of a single fire source, Tao et al [11] proposed
the relationship between flame length and heat release rate at
the initial angle through a series of experimental studies on
three circular nozzles with different diameters, and found that
the entrainment coefficient C; is linearly related to cosf; an
empirical model of flame length related to flame inclination
angle, nozzle diameter and dimensionless heat release rate
was proposed. Peters and Gore [12,13] studied the horizontal
length of flame with initial angle in different Froude number
states and proposed an analytical formula for the flame
trajectory line. Wang [14] et al. conducted an experimental
study on circular nozzles with initial inclination angle and
established a model to estimate the horizontal extension
length of a single jet flame with different diameters and
inclination angle nozzles by correcting the dimensionless heat
release rate; Zhang [15], Smith [16], Huang [17], Studer [18],
Fang [19] and other researchers investigated the behavior and
mechanism of horizontally oriented jet flames were studied,

and a fitting model for the relevant flame length was proposed.

As can be seen from the above, previous studies have
focused extensively on the behavior of dual jet flames in the
common scenario of a free vertical jet or a single circular
nozzle jet flame with an initial inclination angle and a
horizontal jet. In contrast, the more common scenario in
actual industrial processes, pipe leakage explosions and other
diffusion combustion are multiple linear jet flames with
different initial inclination angles. In the inclined state, the
initial momentum of the fuel does not coincide with the flame
buoyancy direction, and the air entrainmen will be more
complex [20], so it is necessary to carry out a study of the
behavioral characteristics and interactions of double diffusion
jet flames under inclined conditions. In this paper, based on
the previous work, we determine the quantitative relationship
of the flame trajectory length of double flames under the
coupling effect of different inclined angles and burner spacing
through experimental observation and theoretical analysis,
aiming to provide a reference basis for real industrial
processes [21].

2. Experiment

The experimental setup is shown in Figure 1. Two identical
linear burners made of 1 mm thick stainless steel were used,
each burner consisted of a gas storage chamber and a linear
nozzle, and the two linear nozzle outlets were kept at the same
level for each experiment, with the gas storage chamber being
50 mm wide and 50 mm high, and the internal length L of the
burner is 80 mm and the width W is 1 mm. The effective heat
of combustion (AHc) was about 46.3 MJ/kg when the
experiments were conducted with propane as the fuel and the
HRR of the two burners was kept the same and controlled by
two flow meters with the same accuracy (0.01 L/min),
respectively [22]. The burner spacing S is the distance
between the inner sides of the burner walls and ranges from 0
m ~ 0.6 m. In addition, experiments with a single linear nozzle
at different angles were performed. The burner inclination
angle 6 was defined as the angle between the nozzle and the
horizontal direction, varying from 0° to 90°, and the HRR of
each burner ranged from 4.26 ~ 28.4 kW with an exit velocity
0f 0.63 ~4.17 m/s. Delichatsios [23] considered that the flame
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Froude number can determine whether the flame is controlled
by buoyancy or momentum, when the flame Froude number

Fry=u, [(@d)*(s+1)"*(p/ p.)" (AT, /T.)"

is much less than 5, the flame is controlled by buoyancy,
otherwise, it is controlled by momentum, and the Froude
number calculated in this paper is 0.033935 ~ 0.2262 much
less than 5, which means that the experiments are conducted
under buoyancy control. In order to ensure the accuracy of the
experiment, each experiment is repeated three times. The
experimental working conditions are shown in Table 1

The flame images were recorded with a CCD camera (25
fps, 1920 x 1080 pixels). the CCD camera was positioned 2
m away from the centerline position of the two nozzles, and
each experiment was filmed for 3~4 min after the flame
stabilization. In this study, a more accurate and standard
image processing method was used [24-26], as shown in
Figure 2 for the flame processing process, for each
experimental condition, 20s of stabilized flame video was
first extracted and converted to 500 flame images, and the
flame images were converted to gray images, and then the
image processing method developed by Ostu [24] was used to
The flame contours were post-processed and converted to
binary images, and the probability contour of flame
appearance was extracted from the binary images, and the
average flame trajectory length was obtained by analyzing the
probability contour of flame presence. The average flame
trajectory length was determined as the trajectory length
between the burner exit and the highest position with a flame
interval probability of 0.5. This is shown in Figure 3.
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Figure 1. (a) Experimental setup; (b) nozzle size; (c) definition of
burner inclination and spacing

Figure 2. Flame processing method: (a) Original flame image, (b)
Gray image, (c) Binary image, (d) Average image, (¢) Flame
contour
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length.

Figure 3. (a) and (b) are schematic diagrams of the definition of
the trajectory lengths of the merged and unmerged flames,
respectively, and (c) is the definition of the horizontal width and
vertical height of a single flame



Table 1. Experimental conditions

Test . s . . .
condition Inclined Angle Burners’ spacing distance (m) Fuel velocity (m/s) HRR (kW)
90°/75°/60°/45°/ 0/0.025/0.05/0.075/0.1/0.15/0.2/0.25/0.3/ _
Double fires 30°/15°/0° 0.35/0.4/0.45/0.5/0.6 0.63-4.17 4.26 -284
. 90°/75°/60°/45°/ _
Single fire 30°/15°/0° - 0.63-4.17 426 -28.4

3. Results and Discussion

3.1. Combustion and Flame Merging State

I

M, =0.83m's H,.=1.04m's M.=208m's M,=313m/s He.=41Tm's

a. Variation of flame pattern with fuel exit velocity at an inclination angle of 30° and burner spacing of 0.35m

§=025m; W,=208m'

c. Variation of flame pattern with burner spacing at the nozzle inclined angle of 45° and the fuel exit velocity of 2.08m /s
Figure 4. Typical images of flame interactions under different conditions
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Figure 4 shows the change of flame state with flow rate,
angle and spacing, and it can be observed that the flames show
three fusion states, namely: (I) complete merging state; (II)
intermittent merging state; (II) non-merging state; among
them, Figure 4a shows that in the low flow rate state, the two
flames are independent of each other (state III); with the
increase of flow rate, the two flames inclined, and the flame
has the tendency to be elongated (state II); with the further
increase of the flow rate, the two flames are merged, and the
flame height increases rapidly (state I); Figure 4b shows that,
with the increase of the nozzle inclined angle, the flame

®) '3

gradually changes from the merging state (state I) to the
independent free flame state (state III), and the flame height
shows a complex non-monotonic change; in Figure 4c, it is
shown that, under the fixed inclination angle and flow rate,
with the increase of the distance between two flames, the
flame gradually transforms from the completely merging state
to the independent state, and finally approaches the single free,
and the flame height changes show non-monotonicity.

3.2. Flame Trajectory Line Length

8 =T&"

06

§ (m)

Figure 5. Flame trajectory length at different burner spacing for burner inclination angles from 0° to 90°

Figure 5 shows the experimentally obtained flame
trajectory length variation at different burner spacing for
burner inclination angles from 0° to 90°. It can be seen that at
larger burner initial inclined angles (60°, 75°, 90°), the
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merging flame trajectory length gradually decreases with
increasing burner spacing, and when a certain spacing is
reached the flame trajectory length remains constant close to
the individual free flame trajectory length, while at relatively
small burner initial inclined angles, at larger experimental



conditions of flow rate (e.g. 45°, fuel flow rate of 3.13m/s and
4.17m/s), the flame trajectory line length decreases gradually
with increasing burner spacing and does not reach equilibrium
under the existing experimental conditions. Here, we define a
critical spacing Dc for flame height variation, i.e., when the
merged flame trajectory length decreases close to a single free
flame trajectory length, the corresponding burner spacing is
defined as the critical spacing for flame height variation at this
time. The physical significance is that when the spacing does
not exceed this critical value, the diffusion of unburned fuel
dominates, resulting in an increase in the fusion flame
trajectory length. For two flames with equal heat release rates,
the pressure drop between the flames increases with
increasing flame height at a defined initial nozzle inclined
angle, and the greater the heat release rate, the stronger the
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restriction of air coiling; and for two flames with defined heat
release rates, as the initial inclined angle of the burner
increases, air enters between the two flames from the bottom
and gradually increases the contact area with the inner flame
surface, which in turn as the unburned fuel needs to travel a
longer distance to burn completely, the merged flame height
is more likely to change, i.e., the critical distance (Dc) of
flame height change also increases with the increase of heat
release rate and decreases with the increase of the initial
inclined angle of the burner, as shown in Figure 6(a). In the
"transition section" (stage II), the competition between the
two mechanisms is dynamically balanced and the flame
trajectory length changes weakly due to the limitation of air
entrainment [10].

1) 0.7 Y=0.258X+0.365, K'=098
0.6l Y=-0.273X+0415, K'=098
. T=0.394X+0.588, R*=097
0.5k Y=0.504X+0.716, R°=098
- T=0.9205+1.145, R*=099
_—
8 o4}
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Figure 6. (a): Variation of Dc with 0; (b): Dc versus sinf

Figure 6 shows the critical spacing Dc with sind for
different fuel exit velocities where the flame trajectory length
changes, both showing a good linear relationship, which can
be expressed as:

D, =4, sin0+B, (1)

Where the fitted relationship between 4, and B, for

different flow rates u ; is shown in Figure 6(a), so then we
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Figure 7. (a): Fitted parameters Au/ and B,

From the experiments and data can be inferred from the
merging of flame trajectory line length and HRR, two nozzle
spacing S, nozzle size (L, W) and nozzle inclined angle 0 is
closely related, so

Z, = f(Q.S.LW,0) Q)

For linear diffusion flames, the flame is thin and the flame
tip is not easily identified. Therefore, it is necessary to
consider the coiling perimeter of the flame. The two-flame
system is symmetrical, and the coiling process of both flames
can be considered as essentially the same. When S<Dec, it is

have

A, =-0061u} +0.114u, —0.32

u

@

B, =0.049u7-0.026u,+0.38

u

)

Therefore, the critical spacing Dc can eventually be
expressed as

D, =(0.061% +0.114u, —0.32)sin 6+0.049u2-0.0261,+0.38  (4)

(b) 0.6 u(m/s)
O 0.63m/s
05r 0 1.04m/s A
04} A 2.08m/s
o v 3.13m/s v
R o3t <O 4.17m/s
y=x
0.2+ 5
R*=0.97
0.1F a
0.0 1 1 1 1 1
00 01 02 03 04 05 0.6

[-0.0612% +0.114u -0.32]sin0+0.049u2 -0.026u , +0.38

versus uy; (b): The relationship between Dc and uy, sinf

reasonable to treat the merging flame as a zone flame. The
heat release rate is the total fuel available for combustion of
the flames, at which point the characteristic length of the array
can be expressed as P = L+ 2W +2d + S ; for a single flame i.e.
when S>Dc, the characteristic length can be expressed as
P"=L+W . Specifically, the dimensionless flame trajectory
length for different inclined angles can be expressed as
Z,

Zeeos(ar)

» (6)
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— = when S>Dc
1/2 p5/2 2 2
Tc,p.g P

where when S<De, Q)=
S
P Tmcppwgl/ZP*S’Z
angular data in two states, S<Dc and S>Dc, and it was found
that the fitting index B varied around 0.48 for each angle, and
the final average value of 0.48 was taken; the coefficient A
has a good relationship with sinf as shown in Figure 8, and

its expressions are
A =0.446(sin §)’ —0.159(sin @)’ +0.198sin & + 3.574 @)

A, =0.565(sin 0)° —0.244(sin6)* +0.767sin 6 +2.861  (8)

The final equation for the length of the flame trajectory line
is obtained as

[51,[61,[27],[28], were fitted to different

Z ..
% =[0.446(sin )’ — 0.159(sin )" + 0.198sin 0 + 3.574]0***;S < D, (9)

z -
% =[0.565(sin6)’ —0.244(sin 0)* +0.767sin @ + 2.861]0"***;5 > p, (10)

(a) 4.2
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Figure 8. (a): Fitted coefficient A versus sin6; (b): Dimensionless
flame trajectory length model

When the burner spacing tends to infinity, the two flames
at this point are in a completely independent state, and their
combustion characteristics are identical to those of a single
flame. As can be seen from Figure 5.6b, the model can predict
the flame trajectory line length of a single linear fire source
very well.

4. Conclusion

In this paper, the flame length scales of a two-flame system
with two buoyant main turbulent diffusion linear jet flames
coupled by burner spacing and angle are experimentally
investigated. The merged flame trajectory line lengths are
quantified The main findings are summarized as follows: (1)
The flame pattern varies with the burner spacing, inclined
angle and fuel exit velocity showing three states of fusion, i.e.,
fully merged, intermittently merged and non-merged; for a
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fixed inclined angle and fire source spacing, the flame height
increases with the increase of fuel exit velocity; for a fixed
fuel flow rate and fire source spacing, the flame height tends
to decrease with the increase of inclined angle; for a fixed
inclined angle and fuel exit velocity, the flame height shows
a non-monotonic variation with the fire source spacing. (2) A
critical spacing (Dc) is defined, and a prediction model of Dc
and fuel exit velocity usis established to divide the state of
flame trajectory line length with spacing into two stages
namely: when S<Dc, the flame trajectory line length increases
significantly with the decrease of nozzle spacing; when S>Dc,
the flame trajectory line length does not change significantly
with the increase of spacing and finally approaches to a single
free flame trajectory line length, the complex non-monotonic
evolution of the flame trajectory line length presented.(3)
Based on the analysis of air coiled suction, the flame
trajectory lengths in two states, S<Dc and S>Dc, are analyzed
in terms of magnitudes, and by introducing new effective
characteristic lengths, two global models are established to
predict the trajectory lengths of the buoyancy-controlled
bilinear jet flame system in two states with different initial
inclined angles, respectively. The models are able to correlate
well for all the data in this study.
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