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Abstract: 

The merging of flames is a widely observed fire phenomenon in building and wildland fires. This work 

explores the merging characteristics of two identical linear diffusion flames. The duel parallel linear 

burners are used (dimensions of 100 mm×4 mm and 200 mm×2 mm), and the heat release rate (HRR) 

of each buoyancy-driven flame varies from 0.7 to 10.9 kW. The flame merging probability and merging 

flame height are quantified under different spacing of burners and HRRs. A new dimensionless HRR 

involving the aspect ratio is proposed to determine the merging probability. Moreover, decreasing the 

entrained air from the ground promotes the flame merging, which can be reflected by an increase of 

dimensionless HRR. The merging flame height is determined by the competition of buoyancy and 

pressure difference around the flame, which can be correlated by the effective entrainment perimeter 

and the dimensionless HRR. Such a correlation can also be used to explain the flame merging 

phenomena with different HRRs and aspect ratios in the literature.  
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Nomenclature 

A characteristic length (m) �̇�∗ dimensionless HRR 

𝑐𝑝 specific heat capacity (kJ (kg ∙ K)⁄ ) 𝑅 air entrainment perimeter (m) 

D constant  S burner spacing (cm) 

d characteristic length (m) 𝑆𝑡 air to fuel mass stoichiometric ratio 

𝑑𝑠 equivalent diameter of the burner (m) T temperature (K) 

D characteristic length of burner (cm) ∆𝑇𝑓̅̅ ̅̅ ̅ average flame temperature rise (K) 

Fr flame Froude number 𝑢𝑓 fuel velocity at the burner outlet (m s⁄ ) 

Re Reynolds number W width of burner (mm) 

g gravitational acceleration (m s2⁄ )   

∆𝐻𝑐 heat of combustion (MJ kg⁄ ) Greeks  

K the characteristic length (m) 𝛼 coefficient 

L length of burner (mm) 𝜌∞ ambient air density (kg m3⁄ ) 

Lc characteristic length (m)   

𝐿𝑐1 dimension variable (m) Subscripts   

𝑛 burner aspect ratio ∞ ambient 

N number of frames with merging flame 0 no mergin 

Nb the number of burners n aspect ratio 

Pm merging probability p air entrainment 

�̇� heat release rate (HRR) R air entrainment perimeter 

 

1 Introduction 

The burning and spreading of multiple fires simultaneously is a common phenomenon in building 

and wildland fires. In addition to the large-scale and multiple strong fires such as the crown fires [1], 

multiple vehicles burning in tunnel fires [2-4], and multiple fires caused by fuel leakage [5, 6], there 

are also linear flames with relatively small scales and low heat release rates (HRRs), such as flames 

from char fissures and cable flames shown in Fig. 1. At present, there is little knowledge about the 

merging characteristics of such linear flames, which are usually driven by buoyancy but have restricted 

air entrainment.When two flames are close to each other, the flame will be tilted due to the restriction 

of air entrainment, and eventually, merge under certain conditions with an increased flame height [7]. 

The air entrainment behaviours of linear burners with high aspect ratios differs from those of square 

and circular burners. The linear flames with low HRR are likely to be more sensitive to the environment 

and the flame merging behaviors are more complex. Besides, investigating the merging flames leads to 

the foundations of reproducing the flame structures on the surface of burning materials, for predicting 

the heat flux field in the future. To better understand the combustion and merging behaviors of linear 

flames with low HRR and high aspect ratios, it is worthwhile carrying out corresponding investigations. 
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(a) Separate fissure flames              (b) Merging cable flames 

Fig. 1. Multiple flames with low heat release rates and high aspect ratios, (a) separate fissure flames and 

(b) merging cable flames. 

For the merging flames [8], the previous researches mainly focused on the merging probability [3, 

9-13], and the height [3, 9-12, 14-19], temperature [20] and velocity distributions [21], and heat fluxes 

[22]. Particularly, the merging probability and merging flame height have been mostly studied, as 

summarized in Table A1 of the Appendix. The merging probability of dual flames is usually correlated 

with the burner spacing S, the stand-alone flame height 𝐿𝑓,0, the merged flame height of zero burner 

spacing, 𝐿𝑓,𝑆=0, the HRR �̇�, burner length L (D for square shape) and width W. For example, Hu et al. 

[9] conducted a set of experiments with a burner size of 142.5 mm×2 mm and proposed a correlation 

of merging probability and dimensionless burner spacing, 
𝑆

𝐿𝑓,0
. Wan et al. [10] experimentally studied 

the merging behaviors of two square gas flames, where a critical condition of flame merging was found 

as 
𝑆

𝐿𝑓,𝑆=0
= 0.3. Tao et al. [11] conducted a set of flame merging experiments using the burners with 

different dimensions and proposed a correlation predicting the merging probability using a 

dimensionless HRR involving �̇�, S, L and W. However, the aspect ratio in Tao’s experiments was only 

up to 8, which did not fall into the “linear flame” category, so the model may not be suitable for high 

aspect ratios. Liu et al. [12] proposed a characteristic length of 𝑍𝑐 = (
�̇�

𝜌∞𝑐𝑝𝑇∞𝐿√𝑔
)

2

3
 and established a 

correlation of merging probability and 
𝑆

𝑧𝑐
 for the flames with different burner lengths. These previous 

studies suggest that the dimensionless burner spacing controls the merging probability, while the 

existing models has not yet covered the effects of low heat release rate and high aspect ratio.  

Compared to the merging probability, the merging flame height is a more intuitive presentation of 

flame merging. In previous studies, it is found that the merging flame height is mainly affected by �̇�, 

S, 𝐿𝑓,𝑆=0, D, L, and W [23]. Hu et al. [9] studied the merging behaviors of two linear diffusion flames. 

The merging flame height was predicted with a modified entrainment perimeter, 𝑃 = 𝐿 + 2𝑊 + 𝑆 +

𝛼𝐿, as the characteristic length. Wan et al. [10] carried out a series of experiments on two square burners 
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and conducted a theoretical analysis on the air entrainment mechanism to propose the mathematical 

models for the merging flame heights in open space and under tunnel ceiling. The merging flame heights 

were found strongly related to D and S. Tao et al. [11] took into account the influences of burner 

dimensions and proposed a model for predicting the merging flame height. However, in the model the 

merging flame height was determined only by L and W while the effects of S were not included, 

therefore, the model was not suitable for the intermittent flame merging and non-merging cases. Liu et 

al. [12] proposed a correlation of dimensionless merging flame height and HRR using the concept of 

“merging state”, which indicated that the merging flame height was mainly determined by L, W and S. 

Sugawa and Takahashi [14] carried out an experimental study on dual rectangular flames, the merging 

flame of zero burner spacing was regarded as a single fire and 𝐿𝑓,𝑆=0 was used as the characteristic 

length to develop a correlation of merging flame height and burner dimension and spacing. Kamikawa 

et al. [15] and Delichatsios [16] studied the square burner array. Wang et al. [17] and Liu et al. [18] 

studied the dual jet fires. The details were also summarized in Table A1 of the Appendix. He et al. [19] 

carried out a study on two rectangular flames with different aspect ratios and proposed a merging flame 

height model with 
2𝐿𝑆

𝐿+𝑆
 as the characteristic length. However, the aspect ratio was only up to 8, hence, 

the feasibility of the model on high aspect ratio was challenged. So far, few experiments are available 

to study the linear diffusion flames with low HRRs and high aspect ratios. 

This study focuses on the merging characteristics of two linear flames with relatively low HRRs 

and high aspect ratios. The probability and height of flame merging are investigated experimentally. 

Then, the merging probability and merging flame height under different merging states are explored 

theoretically with the dimensionless analysis. 

2 Experiments 

2.1 Experimental setup 

Figure 2 shows the experimental facility, where two identical burners are used with the outlets 

flushed at the same horizontal plane. The burners are made of stainless steel with a thickness of 2 mm. 

Each burner is composed of a rectifier and a rectangular nozzle. The rectifier is filled with quartz 

particles of uniform size to ensure a uniform outlet flow rate. In the current study, two linear-burner 

dimensions are used, (1) 100 (L) mm×4 (W) mm and (2) 200 mm×2 mm, so that they have the same 

area but different aspect ratios (L/W) of 25 and 100, respectively (see Table 1). Propane is used as the 

fuel, and its effective heat of combustion (∆𝐻𝑐) is about 46.3 MJ/kg [24]. The HRRs of both burners 

are kept the same and controlled by a flow meter, while the range of total fuel flow rate is 1-15 L/min. 

For each burner, the range of HRR is 0.7-10.9 kW, leading to the outlet velocity of 0.042-0.630 m/s. 

The range of burner spacing, S, is 0-20 cm, which is measured from the long sides of the burners (see 

Fig. 2).  
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Fig. 2. Experimental setup 

The experiment process was recorded using a Sony FDR-AX60 camera with a frame rate of 25 FPS. 

The resolution is 3840×2160 pixels, and the camera was placed 1.3 m away from the burner. The 

laboratory is 6 m long, 3 m wide, and 4 m high, which ensures sufficient air supply during the 

experiment. Once each experiment was finished, the ventilation was set off to exhaust the smoke for 

the next experiment. The ambient temperature is approximately 13 ℃. The experimental conditions are 

summarized in Table 1. Each experiment was repeated twice to ensure the repeatability. 

Table 1. Experimental conditions and burner specifications. 

Burner 

size (mm) 

Burner spacing, 𝑆 

(mm) 

Total fuel flow 

rate, �̇�𝐹 (L/min) 

Outlet velocity, 𝑢𝐹 

(m/s) 

HRR of each 

burner (kW) 

𝑅𝑒 

(-) 

Fr number 

(-) 

100×4 0, 10, 20, 30, 40, 

50, 60, 80, 100, 

150, 200 

1, 2, 3, 4, 5, 6 0.042, 0.084, 0.126, 

0.168, 0.210, 0.252 

0.73, 1.45, 2.18, 

2.91, 3.63, 4.36 

269.58-

1010.91 

0.00155-

0.00931 

200×2 0, 10, 20, 30, 40, 

50, 60, 80, 100, 

150, 200 

4, 5, 6, 8, 10, 12, 

15 

0.168, 0.210, 0.252, 

0.294, 0.336, 0.378, 

0.420, 0.504, 0.630 

2.91, 3.63, 4.36, 

5.81, 7.26, 8.72, 

10.89 

33.69-

202.18 

0.00878-

0.0329 

2.2 Image processing 

The videos are processed using the OpenCV image processing library in python [25]. Figure 3 

presents the flame image processing procedure [26-28]. Firstly, for each test condition, a 60-s flame 

video of steady-state is extracted and converted into 1,500 flame pictures (frames). Then, the flame 

pictures are converted into grayscale followed by the binary version with Otsu's method [18]. Afterward, 

the probability of each pixel is averaged for the 1,500 binary pictures to obtain the probability profile.  
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(a) Flame picture      (b) Grayscale       (c) Binary          (d) Probability profile 

Fig. 3. Image processing procedure 

3 Results and Discussions 

3.1 Combustion and flame merging states 

Delichatsios [29] introduced the flame Froude number, Frf, as a parameter to illustrate whether the 

flame is controlled by the buoyancy flow (Fr < 1) or the momentum flow (Fr >1) 

𝐹𝑟𝑓 =
𝑢𝑓

(𝑔𝑑𝑠)
1
2(𝑆𝑡+1)

3
2(𝜌/𝜌∞)

1
4(∆𝑇𝑓̅̅ ̅̅ ̅̅ /𝑇∞)

1
2

                        (1) 

where 𝑢𝑓 is the fuel velocity at the burner outlet, 𝑑𝑠 is the equivalent diameter of the burner, which 

is replaced the hydraulic diameter for linear flame, 𝑆𝑡 is air to fuel mass stoichiometric ratio which is 

15.8 for propane, 𝜌  is the fuel density of 1.83  𝑘𝑔 𝑚3⁄ of propane, ∆𝑇𝑓̅̅ ̅̅ ̅  is the average flame 

temperature rise of 900 K [9]. The calculation results show that 𝐹𝑟𝑓 ranges of 0.00155-0.0329 for all 

experiments, as presented in Table 1. The maximum value is far low than the 1 threshold for the 

momentum controlled flames [29], thus, the influence of fuel velocity on the flame can be ignored. 

Hence, all flames in the current paper can be regarded as buoyancy-driven diffusion flames. Meanwhile, 

Table 1 shows that the range of Re number in all experiments is 33.69-1010.91 (Re<2000), indicating 

that the initial fuel flows are laminar [30]. 

Figure 4 shows the typical merging behaviors under different HRRs and burner spacings. It can be 

seen that with increasing S the flame merging presents three different behaviors (or Regimes), i.e. (Ⅰ) 

the completely merging, (Ⅱ) the intermittently merging, and (Ⅲ) no merging [10]. When S is relatively 

small, the dual flames merge completely. As S increases, there is a transition of flames from completely 

merging to intermittently merging. When S is large enough, the two flames burn freely without affecting 

each other. At the stage, the dual flames are basically the same as two single independent flames. Under 

the same S, as the HRR and aspect ratio of the burner increase, the flames become easier to merge. As 

shown in Fig. 4, generally, as burner spacing (𝑆) increases, the merging flame height decreases. 
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However, unlike the previous momentum-controlled jet flames [13], the merging flame height presents 

a non-monotonic trend in the current set of experiments (described in detail in the later section). 

 

(a) 100×4 mm burner 

 

(b) 200×2 mm burner 

Fig. 4. Flame merging behaviors under different HRRs and burner spacings 



8 

 

3.2 Merging probability 

The presence of flame on the centerline of the two burners is used to determine flame merging 

[12], and in each experiment, the number of frames with flame merging is divided by the total number 

of frames to calculate the merging probability as [28]  

𝑃𝑚  =  
𝑁

𝑁𝑡𝑜𝑡𝑎𝑙
                               (2) 

where 𝑃𝑚 is the merging probability, N is the number of frames with merging flame, and 𝑁𝑡𝑜𝑡𝑎𝑙 is 

the total number of sampling frames.  

Figure 5 shows the flame merging probability under different HRRs and burner spacings. For 

intermittently merging (regime Ⅱ), the merging probability increases with increasing HRR under the 

same burner spacing (S) as  

𝑃𝑚  ∝  �̇�                               (3) 

where �̇�  is the  HRR of a single burner. Moreover, under the same HRR, the merging 

probability increases with the decreasing S. Previous study on dual diffusion flames [28, 31] suggested 

that the merging probability has a functional relationship with the dimensionless burner spacing (
𝑆

𝐿𝑓,0
) 

𝑃𝑚  ∝  −
𝑆

𝐿𝑓,0
                             (4) 

where 𝐿𝑓,0 denotes the flame height when no merging takes place (single flame). Hu et al. [9] 

investigated the flame merging probability with an aspect ratio of 71.25 and found that 𝑃𝑚 and 
𝑆

𝐿𝑓,0
 

can be linearly correlated as  

𝑃𝑚  =  −3.63
𝑆

𝐿𝑓,0
+ 2.31                        (5) 

0 2 4 6 8 10 12

0.0

0.2

0.4

0.6

0.8

1.0

P
m

Q (kW)

1004 mm           2002 mm

 S=0 cm  S=0 cm 

 S=2 cm  S=2 cm

 S=3 cm  S=3 cm  

 S=6 cm  S=4 cm 

 S=8 cm  S=5 cm 

 S=15 cm  S=6 cm 

 S=20 cm  S=8 cm 

 

Fig. 5. Merging probability under different HRRs and burner spacings 
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Figure 6 plots the Pm against 
𝑆

𝐿𝑓,0
 under several aspect ratios, including the data in the current 

study and literature [9-12]. From Fig. 6, Pm and 
𝑆

𝐿𝑓,0
 have a negative linear correlation, and with only 

𝑆

𝐿𝑓,0
 a generalized predictive model can not be developed for all aspect ratios. Note that the aspect ratio, 

n, denoting the degree of linearization, has a notable impact on the merging probability. According to 

the previous analysis, the flame merging is mainly caused by the internal and external pressure 

difference between the two flames [10]. When n increases, the restricted entrainment perimeter 

increases, which makes it easier to form pressure differences, leading to flame merging. This trend can 

be seen in Fig. 6, where Pm increases with n. Therefore, Pm and n can be correlated as 

𝑃𝑚  ∝  𝑛 =
𝐿

𝑊
                              (6) 

Combining Eqs. (3), (4), and (6), it can be inferred that the HRR and flame height of a single burner, 

burner spacings, aspect ratio, length and width of the burner should be the key parameters that control 

the merging probability as  

𝑃𝑚 =  𝑓 (�̇�, 𝐿𝑓,0, 𝑆, 𝑛, 𝐿, 𝑊)                    (7) 

0.0 0.5 1.0 1.5 2.0 2.5

0.0

0.2

0.4

0.6

0.8

1.0

P
m

S/Lf,0

 No ground effect              

 1004 mm (n=25)

 2002 mm (n=100)

 142.52 mm (n=71.25, [8])

 150150 mm (n=1, [9])

 100100 mm (n=1, [10])

 14271 mm (n=2, [10])

 20050 mm (n=4, [10])

 28435 mm (n=8, [10])

 Ground effect

 235.256 mm (n=4.2, [11])

 464.856 mm (n=8.5, [11])

 957.656 mm (n=17.1, [11])

[8]

 

Fig. 6. 𝑃𝑚 with different n against 
𝑆

𝐿𝑓,0
  

The dimensionless HRR of a single linear flame was defined as [27, 32]. 

�̇�∗ =
�̇�

𝜌∞𝑐𝑝𝑇∞√𝑔𝐿𝑊
3
2

                            (8) 

Writing n explicitly in Eq. (8), the �̇�∗ involving �̇�, n, L and W is rewritten as  
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�̇�∗ =
𝑛�̇�

𝜌∞𝑐𝑝𝑇∞√𝑔𝐿
2𝑊

1
2

                            (9) 

where 𝜌∞,  𝑐𝑝, 𝑇∞, 𝑔 are the density and specific heat of air, ambient temperature, and gravitational 

acceleration. According to Eq. (7), Pm  can be correlated with �̇�∗  and the dimensionless burner 

spacing 
𝑆

𝐿𝑓,0
 simultaneously, which gives 

𝑃𝑚  =  𝑓 (�̇�
∗,

𝑆

𝐿𝑓,0
)                           (10) 

Previous studies have shown that the entrainment characteristics of a buoyancy-controlled linear 

flame is related to the 2/3 power of �̇�∗ [32, 33]. Based on this, we try to deduce the correlation of 𝑃𝑚 

and �̇�∗
2

3 by introducing a new function, 𝐶 +
𝟏

�̇�
∗
𝟐
𝟑

, to Hu's model [9] as 

𝑃𝑚  =  𝐴
𝑆

𝐿𝑓,0
(𝐶 +

𝟏

�̇�
∗
𝟐
𝟑

) + 𝐵                       (11) 

It should be noted that Eq. (11) is focused on the intermittently merging (regime Ⅱ). For the aspect 

ratio ranging in 1-100, the range of �̇�∗
2

3 is calculated to be 1-114 for the current experiments. Since 

the range of �̇�∗  is fairly large, the impact of 
1

�̇�
∗
2
3

 on the merging probability is strong, which 

significantly weakens the influence of S when its value is approaching 0. In a dual linear flames system, 

the air entrainment restriction decreases significantly as approaching the flame tip. Therefore, when �̇�∗ 

increases to a certain level, the air entrainment restriction no longer increases notably with increasing 

�̇�∗ , as the flame becomes relatively thin. Under such circumstance, the air entrainment restriction 

reaches its limit. So, it is need to introduce a constant C to denote the limit of air entrainment restriction, 

and also maintain the values of 
𝑆

𝐿𝑓,0
 and 𝐶 +

𝟏

�̇�
∗
𝟐
𝟑

 at the same order of magnitude so as to balance the 

influences of S and �̇�∗ on the merging probability.  

The revised model is fitted to the experimental and literature data to determine the constant, C, and 

the result is shown in Fig. 7. It is found that when C equals to 0.2, the model gives the best fit to the 

data, while A and B is respective -9.45 and 1.48. Moreover, according to the flame merging behaviors, 

the merging probability in Fig. 7 is divided into three regimes [28]. As a result, a piecewise model is 

developed for the merging probability of two linear diffusion flames with different aspect ratios as 

𝑃𝑚 =

{
 
 
 

 
 
         1,                                      Regmine I:  

𝑆

𝐿𝑓,0
(0.2 +

1

�̇�
∗
2
3

) < 0.05

 

−9.45
𝑆

𝐿𝑓,0
(0.2 +

1

�̇�
∗
2
3

) + 1.48,      Regmine II: 0.05 ≤
𝑆

𝐿𝑓,0
(0.2 +

1

�̇�
∗
2
3

) ≤ 0.16

 

       0,                                      Regmine III: 
𝑆

𝐿𝑓,0
(0.2 +

1

�̇�
∗
2
3

) > 0.16

     (12) 
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In the model, Regime I denotes the “completely merging” state of which the merging probability 

maintains as 1 and  
𝑆

𝐿𝑓,0
(0.2 +

1

�̇�
∗
2
3

) is less than 0.05. Regime II belongs to the “intermittently merging” 

state of which the merging probability can be determined using the revised model with a 

𝑆

𝐿𝑓,0
(0.2 +

1

�̇�
∗
2
3

) between 0.05 and 0.16, while the flames in Regime III do not merge therefore the 

merging probability equals to 0 and the 
𝑆

𝐿𝑓,0
(0.2 +

1

�̇�
∗
2
3

) is over 0.16.  

As shown in Fig. 6, Liu et al. [13] carried out a set of flame merging experiments with a ground 

flushed at the same level with the burner outlet. When the ground is existing, the air cannot flow through 

the bottoms and gap of burners, thus, the entrainment is more restricted compared to the cases without 

ground effect. From Fig. 6, it is clearly seen that the merging probability increases significantly with 

ground effect. As analyzed above, the air entrainment restricted by the two burners is mainly affected 

by the aspect ratio, which determines the flow path at the burner bottoms, as shown in Fig. 7. Therefore, 

the degree of air entrainment restriction caused by the ground can be directly related to n. Based on this 

presumption, the �̇�∗ is modified by increasing the power index of n to obtain a new dimensionless 

HRR, �̇�𝑛
∗ . It is found that a power index of 5/2 increased from 1 gives the best fit to the literature data. 

Therefore, �̇�𝑛
∗  can be expressed as 

�̇�𝑛
∗ =

𝑛
5
2�̇�

𝜌∞𝑐𝑝𝑇∞√𝑔𝐿
2𝑊

1
2

                          (13) 

Similarly, the merging probability with ground effect is  

𝑃𝑚 = 𝑓(�̇�𝑛
∗  ,

𝑆

𝐿𝑓,0
)                           (14) 

By introducing 𝐶 +
1

�̇�𝑛
∗
2
3

, the model result is also shown in Fig. 7. Same as the cases without ground 

effect, when C is 0.2, the model gives the best fit to the data obtained by Liu et al. [13]. The merging 

probability model is generalized as 

𝑃𝑚 =

{
 
 
 
 

 
 
 
         1,                                       Regmine I:

𝑆

𝐿𝑓,0
(0.2 +

1

�̇�𝑛
∗
2
3

) < 0.21

 

−5.03
𝑆

𝐿𝑓,0
(0.2 +

1

�̇�𝑛
∗
2
3

) + 2.07 ,        Regmine II: 0.21 ≤
𝑆

𝐿𝑓,0
(0.2 +

1

�̇�𝑛
∗
2
3

) ≤ 0.41

 

          0,                                        Regmine III: 
𝑆

𝐿𝑓,0
(0.2 +

1

�̇�𝑛
∗
2
3

) > 0.41

  (15) 
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Fig. 7. Models of 𝑃𝑚 with and without ground effects   

Based on the above analysis, the current paper confirms that the merging probability is affected by 

the HRR, burner spacing and aspect ratio simultaneously, and the ground also has an impact on the 

flame merging behaviors. Therefore, the experimental conditions should be clarified across different 

studies [9-12] in order to reasonably compare the data for broader applications.  

3.3 Merging flame height 

Zukoski et al. [34] defined the height with the intermittency of 0.5 as the average flame height. For 

merging flame, the definition of average flame height is slightly different. In the current paper, the same 

definition used in most previous researches for merging flame height is applied, which is that when 

𝑃𝑚 ≥ 0.5 the height of 0.5 appearance probability is defined as the average flame height, and when 

𝑃𝑚 < 0.5 the average height of the two flames is regarded as the average flame height [10].  

Figure 8 shows the merging flame height varying with the burner spacing. As shown in Fig. 8, the 

merging flame height presents a non-monotonic trend with increasing S, that is, as S increases the 

merging flame height firstly drops to a local minimum and then increases to a local maximum and 

decreases again until becoming stable, when the dual flames are fully separated. In theory, the merging 

flame height is a result of the competition of two effects. On the one hand, the restriction of air 

entrainment induced by flame merging reduces the air supply for complete burning, leading to an 

increase of flame height. On the other hand, the air entrainment between two burners leads to a pressure 

drop in the center of two flames and thus a pressure difference at the two long sides of flame, which 

pushes the flame to tilt and bend, leading to a decrease of flame height. 

Usually, the tilting and bending effects are overwhelmed by the enhancing effect when the flame 

momentum is strong enough under high HRR. However, for low HRR cases such as those in the current 

study, the tilting and bending become more noticeable. As seen in Fig. 4, when the merging flame height 
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reaches the local minimum, the flames are tilted and even bent over, leading to a notable increase in 

flame width. The local minimum takes place while the flames still merge, and as S increases, the 

restriction of air entrainment becomes weaker. Hence, the pressure difference between the two sides of 

both flames gradually decreases. With the decrease of tilting and bending effects, the flame height 

increases again. Further increasing S, the restriction of air entrainment no longer exists, and the air 

supply becomes sufficient for completely burning, resulting in a decrease in flame height, which is 

consistent with the trends in the literature [2, 10, 35-37]. When the burner spacing S is large enough, 

the two flames burn freely. Thus, the flame height is the same as the stand-alone flame.  
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Fig. 8. Merging flame height against S 

In the previous studies, the merging flame height was usually divided by a certain characteristic 

length, Lc, to produce its dimensionless term. The merging flame height was found to have a positive 

correlation with the dimensionless HRR. The dimensionless HRR was usually written in the form of 

2�̇�

𝜌∞𝑐𝑝𝑇∞√𝑔𝐿𝑐
5
2

 or 
�̇�

𝜌∞𝑐𝑝𝑇∞√𝑔𝐿𝑐1𝐿𝑐
3
2

 where 𝐿𝑐1 is a dimension variable [2, 4, 38-41]. For linear flames, 

Hu et al. [9] believed that entrainment perimeter should have a strong effect on the merging flame height 

and proposed a modified entrainment perimeter, P, as the characteristic length for predicting the 

merging flame height, 𝐿𝑓, with dimensionless HRR �̇�𝑃
∗ . The proposed model is 

𝐿𝑓

𝑃
= 3.68�̇�𝑃

∗
2

3                              (16) 

where 𝑃 = 𝐿 + 2𝑊 + 𝑆 + 𝛼𝐿 , 𝛼 =
𝑆−0.36𝐿𝑓,0

𝑆
, �̇�𝑃

∗ =
2�̇�

𝜌∞𝑐𝑝𝑇∞√𝑔𝑃
5
2

. Figure 9 shows the model 

results of �̇�𝑃
∗  for the experimental and literature data. It can be seen that Eq. (16) can not be applied to 

the experimental conditions other than Ref. [9]. Therefore, based on Hu’s theory [9], this paper tries to 

develop a new dimensionless HRR for broader applications. From the experimental and literature data, 

it can be inferred that the merging flame height is closely related to the HRR, S, L and W, which is  
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𝐿𝑓 = 𝑓(�̇�, 𝑆, 𝐿, 𝑊)                          (17) 
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Fig. 9. 
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𝑃
 against �̇�𝑃
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For linear diffusion flames, the flame is thin, and the flame tip is not so identifiable. Therefore, the 

entrainment perimeter of the flame needs to be considered. The dual flames system is symmetrical, and 

the entrainment process of the two flames can be regarded as basically the same. Therefore, the air 

entrainment perimeter of a single flame is： 

𝑅 = 𝐿 + 2𝑊 + 𝑆                            (18) 

In the meantime, the burner length has strong effects on the air entrainment, which should also be 

involved. The effective entrainment perimeter R combines the burner size and spacing, which reflects 

the effects of flame entrainment on the merging flame height. Then, the characteristic length in �̇�𝑃
∗  is 

replaced with R to obtain �̇�𝑅
∗ :  

�̇�𝑅
∗ =

�̇�

𝜌∞𝑐𝑝𝑇∞√𝑔𝐿𝑅
3
2

                            (19) 

The merging flame height can be expressed as 

𝐿𝑓

𝑅
= 𝑓(�̇�𝑅

∗ )                               (20) 

The experimental data in the current study and literature are used to perform a data fitting to obtain 

the coefficient and power index of �̇�𝑅
∗  in Eq. (20). As shown in Fig. 10, with an exponential fitting, 

the final model of merging flame height is determined as 

𝐿𝑓

𝑅
= 3.92�̇�𝑅

∗
4

5                              (21) 
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which can well predict all other merging flame heights measured in the literature by Wan [10], Hu 

[9], and Tao [11] with different HRRs and aspect ratios.  
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Figure 11 further shows the comparison of calculated and experimental merging flame heights. It 

is seen that the error of predictions is almost within the range of ±20% of experimental measurements. 

Therefore, the proposed model can be applied to a wider range of experimental conditions than those 

in the current study.  
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Fig. 11. Comparison of calculated and experimental merging flame heights 
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4 Conclusions 

In this paper, the merging dynamics of dual parallel linear diffusion flames with low heat release 

rates and high aspect ratios are studied. The main factors affecting the merging probability and merging 

flame height, including HRR, burner spacing, aspect ratio, ground effect, are analyzed. The main 

conclusions are generalized as follows. 

1. Increasing HRR enhances the entrainment rate, while increasing aspect ratio increases the area 

with restricted air entrainment. Both effects make the flames easier to merge. Based on this, the current 

paper combines the dimensionless HRR, �̇�∗, which involves HRR and aspect ratio of burner with the 

dimensionless burner spacing, 
𝑆

𝐿𝑓,0
, to develop a new piecewise prediction model for the merging 

probability. By introducing a new function of 𝐶 +
𝟏

�̇�
∗
𝟐
𝟑

, it is found that when C=0.2, the model performs 

well with different HRRs and aspect ratios and 𝑃𝑚 ∝ −
1

�̇�
∗
2
3

. 

2. The presence of ground inhibits the air flowing through the bottom and gap between the two 

burners and thus enhances the restriction of air entrainment, resulting in a higher merging probability. 

Therefore, the �̇�∗ is modified by increasing the power index of aspect ratio to obtain �̇�𝑛
∗ , and 𝑃𝑚 ∝

−
1

�̇�𝑛
∗
2
3

 is identified by fitting the experimental data. The influence of the aspect ratio on the merging 

probability increases from the 1st power to the 2.5th power. 

3. The merging flame height shows a non-monotonic trend with increasing burner spacings. The 

trend is a result of the competition of enhanced flame height led by merging and tilting and bending 

effects caused by the pressure difference. Analyzing the air entrainment mechanism of dual merging 

flames, the effective entrainment perimeter of a single burner, R, is introduced as the characteristic 

length to develop the dimensionless HRR, �̇�𝑅
∗ . By fitting the experimental data in the current study and 

literature, it is found that the merging flame height and �̇�𝑅
∗  has a positive correlation of 

𝐿𝑓

𝑅
= 3.92�̇�𝑅

∗
4

5. 

The proposed model is suitable for a wider range of experimental conditions than those in the current 

study. 
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