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Abstract 

Flame morphology is an important characteristic parameter for buoyant-controlled fuel diffusion 

flames. In this study, fire tests were conducted using rectangular burners placed against a thermally 

thin sidewall. Measurements were obtained for the flame morphology and temperature distribution on 

the back side of the sidewall. When the aspect ratio of the fire source was 7.45, flame branching into 

two regions was observed and was further evidenced by the temperature distributions on the 

corresponding two heated regions on the sidewall. The mechanism of the flame split was investigated, 

and numerical simulations and physical analyses were performed. The flame split occurred when the 

entrained air from the middle of the burner length was not consumed before it reached the bottom of 

the sidewall. Therefore, an appropriate ratio of flame height to burner length was proposed for the 

occurrence of the flame split. The critical ratio for the flame split was validated by other fire 

experiments of fire sources located against the sidewall. 

 

Keywords:  

Rectangular fuel fire; Flame split; Thermally thin sidewall; Flame morphology; Back-side 

temperature. 
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1. Introduction 

Buoyant turbulent diffusion flame morphology, including rectangular fire plumes, is an important 

characteristic parameter. Rectangular flame characteristics have attracted significant research 

attention. The characteristics of the flame height [1–6], spatial temperature and velocity distribution [1, 

2, 7, 8], and thermal radiation [9] produced by a rectangular fire source in a normal atmosphere have 

been studied experimentally. The effect of sub-atmospheric pressure on the characteristics of a 

rectangular fire source has also been investigated [10–15].  

The sidewall effect has a considerable influence on the flame characteristics of nearby fires [16–

21]. Fan et al. [17] conducted many experiment to study the flame characteristics of heptane pool fires 

with different aspect ratios and orientations in a channel under the effect of sidewall effect, finally, an 

integral flame length model considering both sidewall effect and fuel shape is proposed. Sidewalls 

have been found to block air entrainment into the flame, leading to an increase in flame height [22–

27]. Crosswise vortices drag the unburned fuel gas accumulated near the sidewall upward and 

transform the flame into longitudinal vortices as it interacts with the sidewall, resulting in a 

continuous increase in flame height [28]. However, with an increase in flame height, the thermal 

radiation feedback from the flame to a heptane pool fire surface was found to decrease because of the 

blockage of hot gases [29]. Recently, Zhang et al. [30, 31] conducted fire experiments with a 

rectangular fire source and a sidewall to examine the influence of the aspect ratio of the fire source on 

the flame morphology. 

The flame split of a rectangular fire source with a high aspect ratio was observed using a digital 

charge-coupled device (CCD) camera [6] and a thermal infrared imager [12]. Compared with a square 

fire source, in a rectangular fire source with an aspect ratio larger than 4, the flame split into several 

split-flame branches. Furthermore, Hu et al. [32] reported the flame split of a square pool fire located 

at the near wake behind a square cylinder under horizontal wind flow. A recirculation zone with two 

shedding vortices was formed behind the cylinder. The flame was pulled by the vortices into two 
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opposite directions, which resulted in the flame split. However, for the fire scenarios without wind 

flow, the mechanism leading to the flame split of a rectangular fire source is unclear.  

In the present study, the flame split of a rectangular fire source with a thin thermal sidewall was 

investigated using rectangular burners with equal surface areas but different aspect ratios placed 

against a steel plate. The flame morphology and temperature distribution on the back of the sidewall 

were measured. The mechanism for the flame branches following the flame split of a rectangular fire 

source with a high aspect ratio was analyzed. Finally, a physical model for flame split was developed, 

and the critical conditions for flame splitting were analyzed. 

 

2. Experimental setup 

Figure 1 shows a schematic of the experimental setup and burner shapes. The surface area of all 

burners was 900 cm2, as in previous studies [6, 9, 12, 20]. However, the burners had different aspect 

ratios. A steady supply of propane controlled by a flow meter (measurement error: ±2%) served as the 

fuel supply. Table 1 lists the details of the fire scenarios. Each fire test was repeated twice to check 

the repeatability of the tests. Table 2 presents the thermal properties and dimensions of the steel plates 

used as sidewalls. A thin steel plate can be considered a thin thermal sidewall, with the temperature on 

the front side being equal to that on the back side. The temperature on the back side of the steel plate 

can be easily measured. Compared with an insulated board, the temperature on the back of the 

sidewall provides more information about a wall flame as well as the flame temperature. Furthermore, 

steel plates are commonly employed in building components [33], equipment [34], and concrete-filled 

steel-plate composite walls [35], and they can suffer damage during a fire.  

No significant difference in flame temperature near the calcium silicate board and steel plate was 

found on the basis of experimental results of fire sources located against calcium steel plate and 

silicate board, which are not shown in this work. The flame buoyancy in the vertical direction 
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dominated the heat transfer between the flame and sidewall surface. The effect of the thermal 

properties of the sidewall on the flame temperature near the flame-exposed surface can be ignored. 

 

 

Fig. 1 Schematic of experimental setup. 

 

Table 1 Summary of tested fire scenarios 

 

 

Table 2 Thermal physical properties of the steel plate 

Material Density 

(kg/m3) 

Conductivity 

(W/mK) 

Sp. ht. cap. 

(kJ/kgK) 

Length 

(m) 

Width 

(m) 

Thickness 

(m) 

Steel 7860 68.4 0.46 2 1 0.0003 

 

The flame shape was recorded using a digital CCD camera (resolution: 2592×1944 pixels) at 25 

frames/s. Binary image processing technology was used to first calculate the flame height in the 

Surface area 

(m2) 

Burner Aspect ratio 

RN 

Fire power 

�̇� (kW) Length (m) Width (m) 

0.09 

0.3 0.3 1 28.3; 42.4; 

56.5; 70.7; 

84.8 
0.424 0.212 2 

0.6 0.15 4 

0.82 0.11 7.4 
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binary image and then convert it into the real height [6]. An infrared camera (FLIR E85) was used to 

measure the temperature distribution on the back of the sidewall as shown in Fig. 1. From the images 

captured using the infrared camera, the temperature on the back side was obtained using FLIR TOOLs 

software version 5.13.17214.2001. 

Thermocouple measurements were used to calibrate the measurement reliability of the infrared 

camera. The temperatures were measured using an array of 15 Type-K thermocouples having 

diameters of 0.5 mm, with error less than 0.75% and response time less than 1 s, placed at the 

centerline of the sidewall back side, as shown in Fig. 2. The first thermocouple was located 0.05 m 

above the burner surface. From the first thermocouple to the fifth, the thermocouples were spaced at 

0.05-m intervals, whereas for those beyond the fifth, the distance between thermocouples was 0.1 m.  

          

           (a)                                                                                      (b)  

Fig. 2 Distribution of the thermocouple points on the back side of the sidewall: (a) Image by the 

infrared camera, (b) Schematic of temperature measuring points. 
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Figure 3 shows the temperature evolution on the back side during the fire tests derived from 

the infrared camera images and thermocouples (RN = 1 and �̇� = 84.8 kW). The temperature values 

derived from the infrared camera were nearly the same as those measured by the thermocouples. Both 

temperatures reached a steady state approximately 100 s after the burner was ignited. In the analysis, 

the measurements of the thermocouples were set to standard, and the average error for the infrared 

camera was approximately 6.1%. This result validates the reliability of the experimental setup for the 

temperature distribution on the back side of the sidewall. 
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Fig. 3 Temperature evolution on the back side of the sidewall during the fire tests derived from the 

infrared camera images and thermocouples (RN = 1 and �̇� = 84.8 kW). 

3. Experimental results and discussion 

3.1 Flame morphology 

Figure 4 shows the process of flame split with a 0.08-s time interval for the rectangular fire 

source with 7.45 aspect ratio and 84.8-kW heat release rate. A small hole appeared at the bottom and 

flame center in the beginning, as shown in Fig. 4(b). As the flame entrained the air and the flame 

height increased, the hole grew gradually larger, as shown in Fig. 4(c)–(f). At approximately 0.48 s, 

the flame from the rectangular fire source was split into two sub-flames, as shown in Fig. 4(g). Then, 

the sub-flames behaved separately and did not merge for a long time, at approximately 2.16 s.  
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Fig. 4 Process of flame splitting with 0.08-s time interval (RN = 7.45, �̇� = 84.8 kW). 

 

Figure 5 shows contour images of the flame-height frequency for rectangular fire sources of 84.8 

kW with varying aspect ratios. When the aspect ratio was increased to 7.45, the flame split into two 

branches with a flame intermittency less than 0.7, as shown in Fig. 5(d). Figure 6 shows contour 

images of the flame-height frequency for rectangular fire sources having an aspect ratio of 7.45 and 

different heat release rates (HRRs). Except for the measurement at 84.8 kW, the complete flame 

region was divided into two branches for the burner with an aspect ratio of 7.45, and the average 

flame height of all split flame branches was almost the same.  
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Furthermore, the two split branches merged as the HRR increased, as shown in Figs. 5(d) and 6(f). 

The increase in the HRR led to higher flame buoyancy force in the vertical direction; the height of the 

small hole formed became higher. Furthermore, according to Eq. (3), with increasing HRR, the flame 

height became higher while the burner length was constant. Then, the ratio of the buoyancy force to 

the inertial force became greater. Subsequently, the two branches having intermittencies less than 0.7 

merged.  

 

 

      (a)                (b)                   (c)                            (d)  

Fig. 5 Contour images of the flame-height frequency for rectangular fire sources of 84.8 kW with 

varying aspect ratios: (a) RN = 1, (b) RN = 2, (c) RN = 4, (d) RN = 7.45. 

 

(a)                          (b)                          (c)                          (d)                         (e)  
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Fig. 6 Contour images of the flame-height frequency for rectangular fire sources having an aspect 

ratio of 7.45 and different HRRs: (a) 28.3 kW, (b) 42.4 kW, (c) 56.5 kW, (d) 70.7 kW, (e) 84.8 kW. 

 

3.2 Temperature on the back of the sidewall 

Figure 7 shows the temperature distribution on the back of the sidewall for rectangular fire 

sources at 84.8 kW with different aspect ratios. This temperature distribution was determined by the 

flame morphology. As the aspect ratio increased, the heated region on the sidewall decreased in the 

vertical direction and increased in the horizontal direction. This development corresponds to the effect 

of the aspect ratio on the flame morphology. For the burner with an aspect ratio of 7.45, the 

temperature distribution can be divided into two regions with HRR values from 28.3 kW to 84.8 kW. 

Furthermore, these two heated regions can be considered to be independent and heated by the two 

single flames, as shown in Fig. 8. 

 

(a)                        (b)                        (c)                       (d)  

Fig. 7 Temperature distribution on the back of the sidewall for rectangular fire sources at 84.8 kW 

with different aspect ratios: (a) RN = 1, (b) RN = 2, (c) RN = 4, (d) RN = 7.45. 
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Fig. 8 Temperature distribution on the back of the sidewall with different temperature ranges (RN = 

7.45, �̇� = 84.8 kW).   

 

4. Numerical simulation and discussion 

4.1 Model description 

Large-eddy simulation (LES) has been previously used to simulate heat transfer from the flame to 

the sidewall [25, 36–38]. Livkiss et al. [38] used Fire Dynamics Simulator (FDS) version 6.7.0 [39] 

to study the fire-driven flow between two parallel vertical walls and a single vertical wall, which is 

similar to the fire scenarios reported in the present work. A Deardorff eddy viscosity model was used 

for the turbulent viscosity, and simple infinitely fast chemistry was used to model the turbulent 

combustion. The soot yield and radiative fraction of propane combustion were found to be 0.024 and 

0.3, respectively. The number of radiation angles for the thermal radiation transfer was set to 300. The 

logarithmic-law convective heat transfer model was used for estimating convection between the flame 

and sidewall. Other parameters for simulation were set as default values in FDS, unless mentioned 

otherwise.  

4.2 Numerical configurations 

The computational domain for the fire scenarios was 2 × 0.9 × 2.2 m3 in the x, y, and z directions, 

respectively, as shown in Fig. 9. On the basis of mesh independent analysis, the predicted temperature 
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profiles by simulation with mesh sizes of 1 cm and 0.5 cm were almost coincident and close to the 

experimental data, as shown in Fig. 10. Therefore, a 1-cm mesh size was used in the simulation.  

 

  

Fig. 9 Computational domain in the present work (RN = 7.45, �̇� = 84.8 kW). 
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Fig. 10 Comparison between the measured and simulation temperature profiles of the sidewall back 

side with different mesh sizes (RN = 7.45, �̇� = 84.8 kW). 
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4.3 Simulated results and discussion 

Figure 11 shows the flame morphology of the flame split process by numerical simulation. A hole 

was observed at the center of the flame. As the hole size increased, the flame was split into two sub-

flames. Owing to the heat transfer from the flame to the sidewall, two heated zones were obtained on 

the sidewall back side for a burner with an aspect ratio of 7.45, as shown in Fig. 12. Simple infinitely 

fast chemistry was used for the simulation of the propane combustion. The approach assumes that the 

mixing of air and fuel is burnt. Therefore, a mixing zone of fuel and air was located at the fuel outlet. 

This mixing zone formed below where the flame was split. Then, a high-temperature zone was 

observed between the two heated zones. Generally, the simulation results conformed to the 

experimental results. 

 

 

Fig. 11 Flame morphology of the flame split process by numerical simulation (RN = 7.45; �̇� = 84.8 

kW). 
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Fig. 12 Temperature distribution on the sidewall back side (RN = 7.45; �̇� = 84.8 kW). 

 

Figure 13 shows the velocity vector and stream line of a cross section at 0.35 m from the fire 

source surface for the square and rectangular fire sources located against the sidewall. The entrained 

air from the middle of the length resulted in a flame split when the aspect ratio of the burner was 7.45. 

The upward velocity the fire plume facilitated the entrainment of air into the flame. Owing to the 

inertial force, the entrained air at the middle of the long side of the burner moved toward the sidewall. 

Concomitantly, the entrained air was consumed by combustion. The flame split occurred when the 

entrained air from the middle of the length was not consumed before it reached the bottom of the 

sidewall, as shown in Fig. 11(b). For the square burner, it was observed that the entrained air was 

consumed as it reached the center of the pool fire, as shown in Fig. 11(a). Crosswise flow stream 

formed near the sidewall. Subsequently, the air was entrained into the center of the pool fire. The 

crosswise vortices were transformed into longitudinal vortices. These simulated results are similar to 

those of the work by Jangi et al. [28]. This result proves the reliability of the simulation setup.  
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(a) 

 

(b) 

Fig. 13 Velocity vector and stream line of a cross section at 0.35 m from the fire source surface for the 

square and rectangular fire sources located against the sidewall: (a) RN = 1, �̇� = 28.3 kW; (b) RN = 

7.45, �̇� = 28.3 kW. 

 

5. Physical model for the flame split 

Tan et al. [8] measured the velocity distribution of a flame on the horizontal section for a 

rectangular source fire.  The experimental measurement revealed that the maximum vertical upward 

velocity Um,z, was located at the centerline of the fire plume. Wan et al. [40] considered the horizontal 

air entrainment rate to be proportional to the vertical velocity at the centerline of the fire plume. 

Therefore, for a certain height less than the flame height, the horizontal air entrainment rate was at a 

maximum at the middle of the length of the rectangular burner, and it decayed along the long side to 

the end points, as shown in Fig. 14. 
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Fig. 14 Schematic of the horizontal air entrainment rate along the long side of a rectangular burner 

with sidewall. 

The entrained air was transferred by the buoyancy force owing to the density difference and the 

inertial force caused by the Coandă effect to the side-entrained air flow on the flame-side surface [41]. 

This phenomenon resulted in the horizontal and vertical movement of the entrained air, as shown in 

Fig. 15.  

  

Fig. 15 Schematic of the movement of the entrained air in a rectangular flame source with a 

sidewall (side view). 

The ratio of the buoyancy force to the inertial force exerted on the entrained air was used to 

determine the critical condition of the flame split. The flame buoyancy force in the vertical 

direction Fv can be expressed as [41] 
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Fv ~ ∆ρfgLf
3                                                             (1) 

where ∆ρf is the density difference between ambient air and the flame, in kg/m3; g is acceleration due 

to gravity, m/s2; and Lf is the free flame height, m.  

The inertial force in the horizontal direction Fh  can be expressed as [41] 

Fh ~ 0.5ρ0gLf
2L                                                            (2) 

where ρ0 is the ambient air density, kg/m3; and L is the fire source length, m.  

Then, the ratio of the buoyancy force to the inertial force can be estimated as  

Fv Fh ⁄ ~ Lf L⁄                                                              (3) 

Figure 16 shows the critical condition for the flame split of the source fire located against a 

sidewall. The ratio of the buoyancy force to the inertial force for the fire test in this work and that 

reported in the literature are listed in Table 3. The critical ratio of flame height to burner length for the 

flame split was approximately 0.9. In the fire experiments of the wall-attached flame conducted by 

Zhang et al. [19], the ratio of flame height to burner was greater than 2.0, and no flame split was 

observed. According to the observation in [29], as the ratio aspect increased, the flame can be roughly 

divided into three parts, which is similar to the flame morphology of the fire source with 7.45 aspect 

ratio and 84.8 kW.  

The main objective of this work was to investigate the mechanism leading to the flame split. The 

rectangular fire source with aspect ratios 1, 2, 4, and 7.45 used in our previous work [6, 9, 12, 20] 

were selected in this work. A clear flame split was observed when the aspect ratio of the fire source 

was 7.45. As the aspect ratio decreased into 4, the flame splitting phenomenon disappeared. For the 

critical ratio of the buoyancy force to the inertial force for the fame split, more configurations are 

needed in future work. 
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Fig. 16 Critical condition for the flame split of rectangular source fires. 

 

Table 3 Ratio of the buoyancy force to the inertial force for fire test in this work and available in the literature 

Fire tests in this work Heptane_Ji et al. 

[29] 

Aspect 

ratio 

Lf
L⁄  Aspect 

ratio 

Lf
L⁄  Aspect 

ratio 

Lf
L⁄  Aspect 

ratio 

Lf
L⁄  Aspect 

ratio 

Lf
L⁄  

1.00  1.95  2.00  1.24  4.00  0.77  7.40  0.50  1.00  6.27  

1.00  2.22  2.00  1.43  4.00  0.96  7.40  0.66  3.00  3.91  

1.00  2.55  2.00  1.68  4.00  1.11  7.40  0.73  6.00  2.94  

1.00  2.92  2.00  1.85  4.00  1.20  7.40  0.82  8.00  2.71  

1.00  3.24  2.00  2.01  4.00  1.28  7.40  0.89  10.00  2.62  

 

XL Zhang et al. [19] Ethanol_Ji et al. [29] 

Aspect 

ratio 

Lf
L⁄  Aspect 

ratio 

Lf
L⁄  Aspect 

ratio 

Lf
L⁄  Aspect 

ratio 

Lf
L⁄  Aspect 

ratio 

Lf
L⁄  

1.00  24.82  8.25  10.09  17.81  5.84  71.25  2.07  1.00  3.90  

1.00  29.32  8.25  10.60  17.81  7.41  71.25  2.79  3.00  2.09  

1.00  32.82  8.25  12.88  17.81  8.86  71.25  3.56  6.00  1.33  

1.00  37.97  8.25  14.14  17.81  9.77  71.25  4.48  8.00  1.04  

1.00  44.02  8.25  16.29  17.81  10.92  71.25  5.50  10.00  0.86  

1.00  47.81  8.25  17.57  17.81  11.65  71.25  5.88    

1.00  51.72  8.25  18.99  17.81  12.83  71.25  6.46    

1.00  54.38  8.25  19.64  17.81  13.54  71.25  6.76    

1.00  57.88  8.25  21.21  17.81  13.99  71.25  7.19    

 

6. Conclusions 

The present study was conducted to investigate the flame split of a rectangular fire source with a 

sidewall. Rectangular fire sources with the same surface area but different aspect ratios were 
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considered. The burners were placed against a thermally thin steel plate. The temperature distribution 

on the back of the sidewall was measured to characterize the flame split. The flame split into two 

branches as the burner aspect ratio increased to 7.45, as evidenced by the two heated zones measured 

on the back of the sidewall.  

A physical model was proposed to characterize the flame split for the fire source located against 

the sidewall. According to the numerical simulation results, the entrained air from the middle of the 

burner length led to the flame split as the aspect ratio of burner was 7.45. Then, the ratio of flame 

height to burner length for the flame split was proposed. According to the experimental data in the 

present work, the flame split can be observed for a ratio of flame height to burner length larger than 

0.9. This critical ratio was validated by other fire experiments of fire sources against a sidewall 

reported in the literature. The developed physical model is applicable for fire sources located against a 

sidewall, and the effect of the distance between the flame and sidewall can be ignored.  
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