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Abstract  

Flame length and flame tilt angle are key parameters for evaluating the tunnel fire hazards and 

radiative damage. Previous study on flame geometry have mainly focused on the ordinary tunnels, 

whereas fires in branched tunnels have received little attention. This study conducts a series of 

small-scale experiments to investigate the flame morphology in a branched tunnel with asymmetric 

mainline slopes on the two sides of the fire source in the mainline. Three heat release rates including 

1.12kW, 1.64kW and 2.8kW, five upstream slopes and downstream slopes of mainline are 

systematically varied. Results show that the mainline slope significantly affects both flame length 

and flame tilt angle. The flame inclines toward the higher portal side due to the greater stack effect 

in that direction. The flame tilt angle and flame length increase monotonically with the tunnel slope 

as it approaches a unidirectional slope. The induced airflow velocity in sloped mainline causes the 

flame tilt angle to exceed 35°. Under a relatively large upstream slope, a larger downstream slope 

weakens both the flame length and the flame tilt angle. A new dimensionless airflow velocity uin
* is 

introduced to refine the existing mathematical formulation for flame length, and a novel prediction 

model is established. The cosine of the flame tilt angle is well correlated utilizing Q*1/5Fr1/2. These 

findings and the developed models provide the validated tools for fire risk assessment and the 

optimization of tunnel fire safety systems.                   
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1. Introduction  

  Urban tunnel is one of the crucial infrastructural components that present significant fire safety 

risks, as it connect the underground and ground transportation networks [1]. Recently, the number 

of complex urban tunnels with multiple branches and gradients is increasing [2], such as the Urban 

Traffic Link Tunnel (UTLT) in China. A fire occurring in such a complex tunnel can cause severe 

casualties and property damage owing to the dense smoke and complex airflow entrainment in a 

multi-path, long-narrow confined space. This particular type of fire smoke movement poses great 

challenges to fire protection design and smoke control in branched tunnels. Therefore, it is essential 

to address the fire behavior characteristics. Furthermore, clarifying the influence of bifurcation 

structures and multi-slope configurations on flame morphology and smoke movement is crucial for 

mitigating fire hazards in complex tunnels. 

  Previous studies for tunnel fire mainly focused on the flame morphology [3], temperature 

distribution [4, 5], back-layering length and critical ventilation velocity [6]. The temperature rise 

induced by flames and hot smoke has been quantified using the heat release rate and longitudinal 

ventilation [4, 7]. Further, the temperature longitudinal decay has been correlated with 

dimensionless parameter [8, 9]. The maximum temperature in a tunnel is typically found in the 
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vicinity of the flame. Thus, flame morphology is a key factor in determining the internal 

temperatures and tunnel lining damage. The flame length and flame tilt angle have been extensively 

investigated [10]. The existing studies have examined the flame morphology based on flame image 

recognition and temperature distribution [11-13], and further quantified the flame geometry. Tang 

et al [14] studied the flame shape caused by a pool fire in tunnel and found that the flame length 

decreased with greater aspect ratio of rectangular pool fire source. The flame length is formulated 

as a function of heat release rate and fire source dimension [15], and a correlation based on the 2/5 

power of the heat release rate has been established [16]. He et al. [17] found that the 2/3 power of 

heat release rate is more suitable for double fire in a tunnel due to flame merging. Gao et al. [18] 

experimentally investigated the effect of sidewall restriction on flame length inside a tunnel and 

correlated the dimensionless flame length using the 2/5 power of the dimensionless heat release rate. 

Tang et al. [19] revealed the effect of sidewall on flame behavior and elongation length induced by 

carriage fire. An asymmetric flame shape appears in a sloped tunnel, with the upward flame length 

being longer than the downward flame length [20]. Spill fire in a sloped tunnel exhibit increased 

flame extension length and upstream tilting due to the combined effects of fuel flow momentum and 

flame thermal buoyancy [21]. Ye et al. [3] studied the flame behavior of spill fires in tunnels and 

quantified the flame length, accounting for the effect of blockages [10]. Fires occurring in branched 

tunnels entrain air from both the mainline and ramp, altering the flame morphology and flame 

extension length [22]. Huang et al. [23] quantified the dimensionless flame length in a horizontal 

branched tunnel. Chen et al. [24] revealed the impact of ramp slope on flame shape, showing that 

the transvers flame extension length was affected by ramp slope due to stack effect. Li et al [25] 

investigated the flame diffusion behaviors of weak and strong plumes in branched tunnels and 

normalized the flame extension length for centerline fire and sidewall fires at the junction node [26]. 

Nevertheless, most of the above-mentioned studies on flame length in tunnels have been performed 

in single-line tunnels, sloped tunnels and branched tunnels. There remains a gap regarding flame 

extension length in branched tunnels with asymmetric mainline slopes, which can produce 

asymmetric induced airflow at both ends and disrupt flame spreading.  

  Induced airflow occurs in a sloped tunnel because of the stack effect, which tilts the flame. Hence, 

the flame tilt angle has been extensively studied, especially in ventilated tunnels. Kurioka et al. [27] 

analyzed the combined effects of thermal buoyancy and inertial force on flame tilting behavior, and 

further normalized the flame tilt angle using dimensionless heat release rate and Froude number 

(Fr). He et al. [16] studied the tilting behavior of double fires in a naturally ventilated tunnel, 

showing that the flame tilt angle increased with longitudinal fire spacing and then remains constant. 

Wei et al. [28] investigated the flame tilt angle induced by unequal double fires in a ventilated tunnel 

and developed prediction models for both upstream and downstream flames. The mainly reason for 

tilting double fires is asymmetric air entrainment. Similarly, fires in inclined or ventilated tunnels 

also tilt due to unequal airflow on the two sides of the fire source. Yang et al. [29] conducted full-

scale experiments to study the flame tilt angle in a sloped tunnel under vehicle operation. Wang et 

al. [30] quantified the flame tilt angle in uphill and downhill tunnels under longitudinal ventilation. 

Jiao et al [31] found that the flame tilt angle increased with longitudinal ventilation velocity and 

then remains constant in a sloped tunnel. Asymmetrically airflow can occur in branched tunnels 

because of multiple air entrainment channels, causing the flame to deflect towards the downstream 

region [32]. Li et al [33] experimentally studied the flame tilt angle in a branched tunnel with a 



sloped ramp, but did not proposed a correlation for the flame tilt angle. Li et al. [25] found that the 

flame was slightly inclined towards the sidewall owing to the asymmetry of air entrainment between 

the two transverse sides at the junction node, and the sidewall restriction on flame tilting has also 

been revealed [26]. Huang et al. [23] studied the flame tilt angle in a horizontal branched tunnel and 

proposed a dimensionless formula. However, the effect of the mainline slope on flame tilt 

characteristics has not been investigated previously, although it can induce airflow that pushes the 

flame. The asymmetric mainline slope on either side of the junction node produces unequal induced 

airflow velocities in the two mainline sections. Under such circumstance, the flame length and flame 

tilt angle cannot be quantified by existing models developed for single-line or horizontal branched 

tunnel. In practical engineering, urban complex tunnels often feature both branched structures and 

multiple slopes. Therefore, it is urgent to study the flame tilt behavior and extension length in 

branched tunnels with multiple asymmetric mainline slopes to provide guidance for hazard 

evaluation and fire protection design, which is the objective of this study. 

  To fill this gap, this work conducts a series of small-scale experiments to investigate the flame 

extension length and tilt angle in a branched tunnel with asymmetric mainline slopes. The effects of 

coexisting mainline slopes on both sides of the fire source on the flame morphology are examined 

and empirical models for flame length and tilt angle are developed.                

2. Experimental approach 

  Experiments were conducted in a 1:20 scale branched tunnel consisting of a mainline region and 

ramp region, as shown in Fig.1. The Froude similarity criteria was used to guide the test platform 

design, as fire behavior in a tunnel mainly governed by inertial and buoyance forces [34]. The 

dimension of mainline tunnel was 10 m (length) × 0.5 m (width) × 0.25 m (height). The mainline 

region before the shunting was 4 m long, and another region after the shunting was 6 m long. The 

ramp, with dimension of 4 m (length) × 0.5 m (width) × 0.25 m (height), connected to the mainline. 

Two gantry cranes were installed on both sides of the mainline to adjust the tunnel slope. Five slopes, 

including 0%, 1%, 3%, 5% and 7%, were applied to both mainline regions. The bifurcation angle 

of the model tunnel was set at 30°. The front sidewall of tunnel was made of 10 mm thickness 

fireproof glass for observation and video recording, while the other sidewalls were constructed using 

5 mm thickness steel plate with a heat conductivity of 17 W/(m · K).     

 

Fig.1 Experimental setup for a branched tunnel fire with asymmetric mainline slopes. 

  The pool fire source was placed at the junction node. N-heptane, with combustion heat of 44.6 

MJ/kg [2], was employed as fuel. An electronic balance with an accuracy of 0.01 g was used to 

measure the mass loss, and the mass loss rate during the quasi-steady state was used to calculate the 

heat release rate using Eq. (1). Three heat release rates, including 1.12 kW, 1.64 kW and 2.8 kW, 

were tested, corresponding to full scale value of 2 MW, 3 MW and 5 MW, respectively. A hot-wire 

anemometer (KANOMAX model KA12) with four channels (1 CH–4 CH) was installed in the 

mainline region before the shunting to measure the airflow velocity. The measurement range of the 
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hot-wire anemometer was from 0 m/s to 50 m/s with an accuracy of 0.01m/s. K-type thermocouples, 

measuring range of 0-1500℃, accuracy of 1 ℃, were used to measure temperature. The 

thermocouples were installed 1cm below the tunnel ceiling at longitudinal interval of 0.4 m. The 

temperature data was recorded by a Keysight DAQ970A data acquisition system and transferred to 

a personal computer. Two CCD cameras were installed in front of the fire source and along the 

mainline to record the flame behavior and smoke propagation. The Otsu method [35] was applied 

to process the flame video during the quasi-steady state to obtain flame dimensions. The flame video 

was converted into 256 original flame images, which were then processed into binary images using 

Matlab and further overlapping image to generate a probability contour, as described in reference 

[2]. The flame edge was defined at the 50% appearance intermittency point, as unveiled in Fig.1.      

Q m H                                (1) 

where Q is the heat release rate in kW, χ is the combustion coefficient of 0.92 for n-heptane [36, 37], 

m  is the mass loss rate in g/s, ΔH is the heat of combustion in kJ/g.  

  This work focuses on the influence of asymmetric mainline slopes on flame extension length and 

tilt angle in a branched tunnel. Three heat release rates and fifteen combinations of mainline slopes 

were conducted, giving a total of 45 tests, listed in Table 1.      

Table 1 summary of test conditions. 

Heat release rate Mainline slope before shunting (α) Mainline slope after shunting (β) 

1.12kW, 1.64kW, 

2.8kW 

0% 0%, 1%, 3%, 5%, 7% 

1% 1%, 3%, 5%, 7% 

3% 3%, 5%, 7% 

5% 5%, 7% 

7% 7% 

3. Results and discussion 

3.1 Typical flame behavior  

  Fig.2 shows the typical flame shapes under different mainline slopes after the shunting. The 

mainline slope significantly affects the flame tilting behavior. When the mainline slope before the 

shunting (α) was 7%, the flame inclined towards this direction regardless of the mainline slope after 

the shunting (β). For a given α of 7%, a larger β exhibits a negative effect on the flame tilt degree 

because the slope difference on either side of the fire source becomes smaller. Induced airflow 

velocity occurs in a sloped tunnel owing to the stack effect [38], which is controlled by the height 

difference and thermal buoyancy. The induced airflow velocity in the steeper mainline regions is 

higher, dominating the air entrainment and flame tilting. Thus, the flame is directed towards the 

mainline region before the shunting (defined as upstream region) when β is less than 5%. However, 

as the downstream slope increases, the stack effect becomes more pronounced [24], and the 

difference in induced airflow velocity on two sides gradually decreases. Under the circumstance, 

the flame tilt degree attenuates and the flames become nearly vertical at β = 5% and 7%. For a given 

β, the flame tilts more conspicuously towards the downstream direction at greater heat release rate 

because of the stronger thermal buoyancy in the mainline.    



 

Fig.2 Typical flame morphology for α = 7% and different β.  

 

Fig.3 Typical flame morphology for β = 0 % and different α.  

Fig.3 shows the typical flame shape under different mainline slopes before the shunting. The 

upstream slope has a positive influence on flame tilting. In the horizontal tunnel (α=0%, β=0%), 

the flame maintained vertical and symmetrically distributed. The flame was directed towards the 

upstream mainline end because a larger α induced a higher airflow velocity [33]. With β = 0%, the 

flame tilt degree is determined solely by the upstream slope α. The stronger heat release rate 

produced more inclined flames, especially at α = 5% and 7%. In addition, the heat release rate 

positively affects the flame width and ceiling impingement [20]. A greater heat release rate means 

the more fuel mass being burned per unit time, entraining more air from both sides for stoichiometric 

combustion, thereby elongating the flame and extending the overall flame dimensions. 



3.2 Flame length 

  The flame length is defined as the distance from the fire source center to the flame tip at the 50% 

appearance probability contour. Fig.4 depicts the flame lengths under various slope combinations 

and heat release rates. For all test conditions, the flame impinged on the tunnel ceiling, indicating a 

strong plume flame [39]. For a given heat release rate and downstream slope β, a steeper upstream 

slope α produced a longer flame length due to the stronger stack effect along the upstream mainline. 

This indicates that the inertial force induced by the stack effect suppresses the thermal buoyancy 

and promotes flame extension towards the upstream region. Consequently, the flame entrains 

oxygen from the higher portal to support combustion, resulting in longer flame length and larger 

flame tilt angles.  

For a given upstream slope α, the flame length increases with heat release rate. The downstream 

slope β has an irregular influence on flame length due to the complex induced airflow under multi-

slope combinations. For relatively small α, increasing β weakens the induced airflow velocity along 

the upstream mainline and thus reduces the flame length. As β continues increase, the induced 

airflow may reverse and flow towards the downstream portal when the vertical height difference 

Ldownsinβ exceeds Lupsinα. Consequently, the flame gradually changes its offset direction and 

eventually tilts downstream at β = 7%. Thus, the flame length first decreases and then slightly 

increases. However, for relatively large α, the downstream slope β has a negative influence on the 

flame length because it reduces the airflow velocity at the upstream side, especially when α = 7%.     

 

Fig.4 Flame length under different mainline slope conditions. 

  The flame length in tunnels has been normalized, and several empirical models have been 

proposed. Huang et al. [23] developed a model for flame length in horizontally ventilated branched 

tunnels and further extended it to a natural branched tunnel with a single sloped mainline region [2], 

expressed as Eq. (2). Xu et al [20] established a theoretical model for flame extension length along 

an inclined tunnel ceiling, given by Eq. (4), but it does not include the vertical flame length from 

the fire source to the tunnel ceiling.    
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where Lf is flame length in m, Hef is the effective height from fire source to ceiling in m, D is the 

hydraulic diameter of tunnel cross-section in m, α is the mainline slope before shunting in °, LD is 

the length of upstream mainline tunnel in m, Q*
bf is the dimensionless heat release rate, u is the 

ventilation velocity in m/s, u* is the dimensionless velocity, cp is the air specific heat capacity in 

kJ/(kg⋅K), ρ0 is the air density 1.2 kg/m3, T0 is the ambient temperature in K, bf is the diameter of 

fire source in m, g is the gravitational acceleration in m/s2, Q is the heat release rate in kW.     
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where Ll is the flame extension length along ceiling in m, γ is air entrainment coefficient 

(λd+2P)/(λd+P), d is the burner-side wall distance in m, P is burner circumference without sidewall 

restriction in m, P´ is the modified burner circumference considering the bf, P´= 

L+2W+L×bf/(bf+P), k is the buoyancy coefficient, Sm is the mass stoichiometric air-to-fuel mass 

ratio, mf is the mass loss rate of fuel in kg/s, g´ is the gravitational acceleration of the flame 

buoyancy in m/s2, g´=g(ΔTf/T0), ΔTf is the flame temperature rise in K.        

The flame extension length was predicted utilizing the previous model established by Huang et 

al. [2] and Xu et al. [20], and compared with the experimental data in Fig. 5. For the comparison, 

the flames extension length Lf was taken as Ll + Hef. Obviously, the previous models cannot predict 

the flame length in a branched tunnel with multiple mainline slopes. The model proposed by Huang 

et al. was derived for branched tunnels where induced airflow and longitudinal ventilation were in 

the the same direction, and not applicable to the present multi-slope configuration. The predictions 

from Eq. (4) show limited variation across conditions, which deviates significantly from the 

experimental results because the influence of multiple mainline slopes on flame length is not 

considered. In essence, the previous models for tunnel fires cannot be directly applied to branched 

tunnels with multiple slopes. Therefore, a new predicted model is required to quantify the flame 

length in such complex tunnel.    



 

Fig.5 Comparison of flame length predicted by previous models with experimental data. 

  The previous model conducted by Xu et al. [20] taking the tunnel slope into account, and using 

coefficient k to quantify this influence. In the present study, the air entrainment on the two sides of 

the fire source competes because of the asymmetric slopes. Therefore, the air entrainment 

coefficient k is modified as 1 sin sink     . Additionally, the flame temperature beneath 

the tunnel ceiling approaches the continuous flame temperature, which is essentially a constant 

value for a given fuel because the strong plume flame impinges on the tunnel ceiling. Thus, the 

gravitational acceleration g is used instead of g´. The induced airflow velocity is used to normalize 

the effect of asymmetric mainline slopes on flame length. The induced airflow velocity can be 

estimated by the correlation of Kong et al [38], uin=0.14Lslopesinα+0.1526, where Lslope is the length 

of the sloped region. For the two inclined mainline regions, the induced airflow velocity is modified 

as Eq. (6), and its dimensionless form uin
* is employed to normalize the flame length. Therefore, 

replacing Ll by Lf , the relationship between Lf/(γP´) and the dimensionless parameter can be given 

as Eq. (7).   
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  Fig.6 shows the relationship between Lf/(γP´) and the dimensionless parameter. A linear function 

with a slope of 98 provides a good correlation, with R2 = 0.95. Therefore, the flame length can be 

predicted by the modified model, given by,  
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Fig.6 Revised dimensionless flame length as a function of the dimensionless parameters.  

  A comparison between the experimental flame length and the values calculated by Eq. (8) for all 

test conditions is shown in Fig.7, revealing good agreement. This confirms that the flame length in 

a branched tunnel with asymmetric mainline slopes can be well approximated by Eq. (8), based on 

the newly defined dimensionless airflow velocity uin
*. Nevertheless, a more physically based model 

for flame length in complex tunnels remains a promising direction for future work. Additional 

longitudinal ventilation could also be incorporated to extend the model’s applicability.         
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Fig.7 Comparison of experimental flame length with predictions from Eq. (8).    

3.3 Flame title angle   

  The induced airflow drives the flame upward, producing various flame tilt angles under different 

tunnel slopes. Fig.8 shows the flame tilt angle under asymmetric stack effects at both sides of the 

fire source. For a given downstream slope β, the flame tilt angle increased with upstream slope α 

due to the stronger stack effect in that direction [38]. Moreover, the growth rate of the flame tilt 

angle is negatively affected by a higher β. For a given upstream slope α, the flame tilt angle 

decreased with the increasing of β when β ＜  α, especially for α = 7%. The reason for this 
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phenomenon is that the induced airflow velocity on the downstream side gradually increases with 

higher β, suppressing the air entrainment from the upward direction. The competition of induced 

airflow on fire source two sides influences the air entrainment during combustion and thus alters 

the flame tilting behavior. In contrast to the monotonic variation of flame tilt angle observed in 

single sloped or ventilated tunnels [2, 23, 30], the present results show a more complex pattern 

determined by the relative intensity of induced airflow at both ends. The heat release rate positively 

affects the flame tilt angle because stronger thermal buoyancy promotes upward tilting.      

 

Fig.8 Flame tilt angle under different mainline slope combinations. 

  For the flame tilt angle in branched tunnels, Huang et al. [23] established an empirical model to 

predict the ratio of tangent to cosine of the flame tilt angle under natural and ventilated conditions 

in horizontal branched tunnel. A predictive model for the tangent of the flame tilt angle in a branched 

tunnel with a single sloped mainline region was also proposed [2], but it did not account for the 

multiple inclined tunnel. Deng et al. [40] developed a model for flame tilt angle in ordinary single-

line tunnels under ventilation conditions, without considering the bifurcation effect. Thus, the 

previous studies have not revealed the combination effect of bifurcation and multi-region mainline 

slopes on the flame tilt angle, and no prediction model exists for this situation.       

  From existing research on flame tilt angle, Hu et al. [41] found that the flame tilt angle can be 

collapsed by Fr and temperature rise, expressed as Eq. (9). In practice, determining the flame 

temperature rise requires a separate prediction model. It is evident that the flame tilt angle is related 

to Fr and the 2/5 power of the heat release rate, because ΔTf and ΔHc are linked to the heat release 

rate. Kurioka et al. [27] found that the cosine of the flame tilt angle is well correlated by Q*1/5Fr1/2. 

Hence, this dimensionless group of Q*1/5Fr1/2 is adopted here to collapse the cosine of the flame tilt 

angle, as shown in Fig. 9. A linear relationship between cosθ and Q*1/5Fr1/2 is obtained, with a slope 

of 6.51 and R2 = 0.96. Therefore, the flame tilt angle can be predicted by Eq. (10). 
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where d is the pool fire size (square) in m, Fr is the Froude number, Fr = u2/gHef, with uin replacing 

u, Q* is the dimensionless heat release rate Q*=Q/(ρ0cpT0(gHef
5)1/2).  

 

Fig.9 Collapse and correlation of the flame tilt angle by the dimensionless parameter Q*1/5Fr1/2. 

Fig. 10 compares the experimental values of cosθ with the predictions from Eq. (10) for all test 

conditions. The predictions agree well with the experimental data with the error less than 5%, 

confirming that Eq. (10) can effectively predict the flame tilt angle in complex branched tunnels.   
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Fig.10 Comparison of experimental cosθ with predicted value from Eq. (10).   

4. Conclusions  

  The flame morphology in a branched tunnel with asymmetric mainline slopes has been 

investigated experimentally. The flame length and flame tilt angle are quantified using new 

dimensionless correlations. The induced airflow velocity in the mainline and the heat release rate 

are employed to normalize the flame tilt angle and develop a global model. The main findings and 

contributions of this work are as follows:   

  (ⅰ) The competitions of stack effect in the two inclined mainline regions significantly influences 
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the flame tilting behavior. Alternating slopes between the upstream and downstream regions cause 

dynamic variations in both flame length and tilt angle.      

  (ⅱ) For a relatively small upstream slope, the flame length and tilt angle increase noticeable with 

downstream slope, but this enhancement is mitigated when the upstream slope is relatively large.      

(ⅲ) The heat release rate promotes both the flame length and flame tilt angle, which are primarily 

determined by the coupled effects of induced airflow velocity and thermal buoyancy. The 

dimensionless flame length and the cosine of the flame tilt angle are well collapsed by the proposed 

dimensionless parameters.       

  The present study reveals the flame characteristics in a branched tunnel with asymmetric mainline 

slopes. However, longitudinal ventilation and fire source location may also affect the flame 

morphology and merit further investigation. Future studies will focus on the prediction models for 

flame geometry under varying ventilation and fire positions, and will also consider electric vehicle 

fires in complex tunnels.   
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