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Abstract

:

This paper explores the temperature distribution (TD) and maximum temperature (MT) below the ceiling induced by the ceiling jet of an asymmetric dual fire sources in a naturally ventilated tunnel. Considering strong plumes, this study investigates the effects of fire size and spacing of asymmetric dual fire sources on TD and MT. With the same power of fire source, when the size of one of the fire sources increases, the corresponding maximum temperature beneath ceiling decreases. Additionally, the temperature peak below the ceiling shifts from one to two, and the peak temperature of the larger fire source is lower compared to that of smaller one. When the fire sources distance increases, the maximum temperature initially decreases and then increases. Beyond a certain distance, the maximum temperature no longer changes with increasing distance. In this study, we investigated the effect of fire source size and spacing on the MT of the tunnel ceiling for asymmetric dual fire sources. A new model for predicting the MT underneath the tunnel ceiling was developed, taking into account the factors as fire spacing and fire size. The model is able to make effective predictions of the simulation results.
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1. Introduction


The increase in the number and length of tunnels has enhanced transportation efficiency and brought great convenience to urban traffic. However, as the construction and use of tunnels have gradually increased, the risk of tunnel fire accidents, as well as the harm caused by tunnel fires, is increasing [1,2,3,4,5,6,7]. Researches indicate that in the event of a tunnel fire, due to its narrow and sealed structural characteristics, the high-temperature flames and toxic smoke generated by the fire can cause significant harm, with temperatures reaching up to 1000 °C and sustaining for extended periods [8,9]. The high-temperature smoke gathered under the tunnel ceiling will not only endanger people’s lives and health, but will also damage the tunnel’s wall and supporting structure, which can lead to collapses, affecting evacuations and fire rescues [10]. Temperature detection is a key factor in the management of accidental combustion incidents and in the formulation of fire safety designs [11]. Therefore, studying the TD and the MT below the tunnel ceiling is of great significance.



Regarding the MT and TD beneath the tunnel ceiling in the event of a fire, prior research has extensively explored these phenomena through both experimental and numerical simulation methodologies.



Alpert [12] conducted experimental research on the MT of ceiling jet under an open ceiling and developed a predictive model for the MT based on ceiling height and fire source power. Heskestad and Hamada [13] conducted experiments to investigate the TD below the ceiling under strong plume conditions. Based on their findings, they suggested a model that uses the plume radius as the feature length. Ingason et al. [14] researched the TD and MT of tunnel fires at different ventilation rates by means of reduced-size tunnel experiments. Kurioka et al. [15] carried out experimental research using a variety of tunnel models that varied in size and shape. By varying the longitudinal ventilation speed, the heat release rate, and the aspect ratio of the tunnel cross-section, they conducted studies on the flame height, the MT below ceiling, and its location, and they established a predictive model for the MT below ceiling under longitudinal ventilation conditions. Zhang et al. [16] employed numerical simulations to investigate the MT and the length of smoke back-layering in the downstream direction from the fire source in a tilted tunnel under conditions of natural ventilation. Based on their findings, they developed predictive models for the MT increase and smoke back-layering length in inclined tunnels. Caliendo et al. [17] employed a Computational Fluid Dynamics (CFD) model to simulate fire scenarios within tunnels under natural ventilation conditions, examining the effects of longitudinal slope and traffic volume on fire incidents. Through numerical simulations and a quantitative risk analysis approach, the research pinpointed crucial factors influencing safety outcomes. Ji et al. [18] constructed an equal-size tunnel model for numerical simulation studies. By adjusting the fire source’s aspect ratio and heat release rate, they established a model for the longitudinal distribution of smoke temperature beneath the tunnel ceiling. Gao et al. [19] investigated the combustion of a single fire source in tunnels with natural ventilation using numerical simulation methods. They investigated the characteristics of fire combustion in inclined tunnels by varying the tunnel’s slope and proposed a correlation for predicting the highest temperature beneath the tunnel ceiling based on their research findings.



The aforementioned studies focus exclusively on single-ignition source combustion in tunnels, whereas in practice, multiple-ignition source combustion is significantly more prevalent. This is particularly evident in scenarios such as traffic accidents within tunnels, when the combustion and subsequent explosion of a vehicle can ignite a fire which can spread to nearby vehicles, causing multiple fire sources. Compared to combustion from one fire source, the burning of multiple fire sources significantly increases the volume of smoke and toxic gases. The combustion of multiple fire sources accelerates the spread of fire, leading to larger-scale incidents. Furthermore, it can cause a rise in temperature and an expansion of the heat radiation zone. According to the above research, it can be concluded that, compared to single fire source, the combustion of multiple fire sources in tunnels presents a greater hazard by increasing the concentration of smoke, accelerating the spread of flame, and elevating temperatures and heat radiation zones. Therefore, preventive and management measures for multiple fire source combustion should be given special attention.



With regard to multiple ignition source combustion in tunnels, the following aspects have been studied by previous researchers.



Zhou et al. [20] conducted an experiment using a scaled tunnel model to investigate the effects of the fire sources distance and the lateral positioning of fire sources on the temperature distribution beneath the tunnel ceiling under natural ventilation conditions. Their study revealed that the longitudinal temperature distribution below ceiling is largely insensitive to the lateral positions of the two fire sources when they are at a given distance apart. They suggested a MT prediction model that considered the separation between the fire sources, as well as their lateral positions. Zhang et al. [21] studied dual fires in a model tunnel. By varying the heat release rate (HRR) of fire sources, the distance between dual fire sources, and the longitudinal ventilation speed within the tunnel, they conducted a detailed study. Based on their testing data, they analyzed the temperature distribution below the tunnel ceiling. Wan et al. [22] studied the MT and TD of the ceiling caused by the combustion of two unequal propane fire sources in a natural ventilation tunnel. Based on the research results, they proposed a new normalized HRR and established a unified model to predict the MT rise below the ceiling for two fire sources. Meng [23] conducted a numerical simulation to investigate the temperature distribution of smoke generated by two fire sources under a natural ventilation scene beneath the tunnel ceiling. The study investigated the impact of the lateral distance of fire sources on the TD below tunnel ceiling, and constructed a model to predict the TD below ceiling based on the research results. Wang et al.’s study [24] utilized a small-scale tunnel model to analyze the TD at the ceiling of a tunnel burning a pair of identical fire sources under natural ventilation. Through the study, it was discovered that the longitudinal TD below ceiling adheres to an exponential decay law, the temperature decay index K decreases with increasing fire spacing, and a maximum temperature prediction model taking fire power and fire spacing into account was developed. Jia et al. [25] studied dual fires in tunnels by using reduced size tunnel model experiments and numerical simulations. They investigated the TD below ceiling under various conditions by modifying the size (D) and spacing (S) of the two fire sources. According to the insights from the study, an analysis model for the temperature distribution was proposed for cases when the ratio of S/D exceeds 2. Zhao et al. [26] constructed a small-scale tunnel model to investigate the combustion process involving two fire sources within a tunnel, focusing on the longitudinal TD below ceiling by altering the size and spacing of two identical fire sources. Based on these experimental results, they developed models to elucidate both the MT beneath the ceiling and the attenuation of longitudinal temperature. Heidarinejad et al. [27] examined the interactions between dual fire sources and tunnel obstructions, as well as their impact on the critical ventilation velocity, by configuring vehicle models of varying sizes and altering the distances between the vehicles and fire sources.



The research available primarily focuses on tunnel fires involving either one or dual fire sources that are identical in both size and power, with less attention given to asymmetric dual fire sources. However, real tunnel fires often involve multiple fire sources of varying sizes, highlighting the necessity of studying asymmetric dual fire sources. In this paper, we use Fire Dynamics Simulator (FDS 6.7.1) software to create a full size model tunnel. This model investigates the influence of two asymmetric fire sources, which have identical power but vary in size and shape, on the longitudinal TD and the MT below ceiling. The findings from this study are intended to provide insightful information that can assist in emergency response planning and the design of fire prevention measures for tunnels. The relevant research results also have a certain guiding value for fire rescue, providing a reference for similar research.




2. Numerical Simulation


The Fire Dynamics Simulator (FDS), which is based on Computational Fluid Dynamics (CFD) technology, is used in the numerical simulation investigations. FDS 6.7.1 can numerically provide predictions and analyses of fire spread and development. The software additionally includes Smoke-view 6.7.5, a tool that depicts the spread of fire smoke in tunnel fires using various parameters such as visibility and temperature fields. Compared to full-scale and scaled-down experiments, numerical simulation research can provide safer, more economical, controllable, and repeatable analysis and prediction capability. FDS has been used extensively in the study of fires, and a significant body of experimental data has confirmed its dependability [28,29,30,31,32,33,34].



2.1. Numerical Modelling of Tunnels


A numerical model (with size of 200 m × 10 m × 5 m) was created. Two rectangular fire sources, denoted as burner A and B, were used, with heptane as fuel. Based on the fire source size used in previous tunnel fire research [35], burner A’s width and height were set as 1 m, with length setting as 1 m, 1.2 m, 1.5 m, 1.8 m, and 2 m. Burner B’s dimensions were fixed at 1 m in all three dimensions. The fire sources were located along the tunnel’s longitudinal midline, while the distance between the edges of the two fire sources were adjusted to change the fire spacing from 0 m to 2 m. To detect the longitudinal temperature distribution beneath ceiling, a number of thermocouples were inserted. The longitudinal spacing between thermocouples located in the vicinity of fire sources is 0.25 m, while the spacing between thermocouples positioned further away from fires on both sides is 0.5 m. Concrete was chosen as the material for the tunnel’s walls and ceiling in FDS. The environment has an initial ambient temperature of 20 °C and an atmospheric pressure of 101,325 Pa. To simulate natural ventilation, two ends of the tunnel were configured as open boundaries. Through multiple simulation tests, the duration of the simulation was set to 200 s. A constant heat release rate was chosen for this simulation, and the fire burns for 10 s to reach its maximum heat release rate and then maintains this value for the subsequent simulation time. Figure 1 shows the specific settings of the tunnel numerical model; the relevant specific simulated cases can be seen in Table 1.




2.2. Grid System


To ensure the precision and accuracy of numerical simulation results, conducting a grid sensitivity analysis is essential when utilizing the Fire Dynamics Simulator (FDS) for fire simulations. Extensive studies have shown that a grid size value between 1/16 to 1/4 of the fire source characteristic diameter is appropriate [36,37]. With this grid size, the calculation results can accurately display the variations of various parameters during the tunnel fire. The fire source feature diameter was represented as:


   D *  =   (   Q ˙    ρ ∞   c p   T ∞   g    )   2 / 5   ,  



(1)




in which    D *    represents the feature diameter of the fire;   Q ˙   denotes the heat release rate, kW;    ρ ∞    refers to the air density, set at 1.2 kg/m3;    c p    signifies air specific heat, being 1.005 kJ/(kg·K);    T ∞    represents ambient temperature, set at 293 K; and  g  stands for the gravitational acceleration, measured at 9.81 m/s2. Given that the minimum power of the fire in present study is 4 MW, the mesh size is accordingly set to range between 0.1 m and 0.45 m. Considering the simulation parameters and duration, four mesh schemes are created for the mesh sensitivity analysis, which can be seen from Table 2.



Figure 2 illustrates the longitudinal TD below the ceiling, considering various grid systems. It reveals that when the grid size below 0.25 m, the temperature distributions closely align. Furthermore, as in Equation (1), an increase in fire source power leads to a larger fire source characteristic diameter, indicating that the grid sensitivity analysis for the 4 MW case can extend to all scenarios covered in this study. After thorough evaluation, Grid System 3 was selected, with a grid size of 0.25 m × 0.25 m × 0.25 m in the vicinity of the fire (20 m on either side of the x0 coordinate position) and 0.5 m × 0.5 m × 0.5 m in areas further from the fire. This grid system can perform numerical simulations quickly and accurately.



To further ensure the precision of numerical simulation results, one method is to compare the numerical simulation outcomes with previously established dimensionless prediction models. This method is commonly used in full-scale simulation studies.



Heskestad and Hamada constructed a predictive model for the TD below ceiling considering strong plume scenarios based on their research [13]:


     ∆ T   ∆  T  max     = 1.92      r b      − 1   − exp   1.61   1 −  r b      , 1 ≤  r b  ≤ 40 ,    b = 0.42          ρ ∞   c p      4 / 5    T ∞  3 / 5    g  2 / 5       − 1 / 2      T  max   1 / 2     Q ˙  c  2 / 5     ∆  T  max   3 / 5       



(2)







In Equation (2),  b  denotes the plume radius,  r  represents the horizontal distance from the reference point to the fire center, and     Q ˙  c    represents the convective heat release rate of the fire, as empirically determined as     Q ˙  c  = 0.8  Q ˙    [13]. All fire sources designed in this study were set as strong plume fire sources. In the present study, a comparison of Heskestad’s model with the numerical simulation results for a single fire source with a heat release rate of 4 MW is shown in Figure 3, suggesting that the numerical simulation results closely align with the predictions of existing model.





3. Results and Discussion


3.1. Longitudinal Temperature Distribution (TD)


Taking the case of a fire source power of 5 MW as an example, Figure 4 shows the longitudinal TD beneath the tunnel ceiling under natural ventilation. The x-coordinate 0 represents the central position between the two burners in the longitudinal direction, and the x-x0 indicates the reference point to points x0. The figure shows that the smoke temperature below ceiling decreases as the size of fire source A increases. It is also observed that the side with the increased fire source size shows a more significant decrease in temperature peak. This decrease mainly occurs near the fire sources, with less noticeable temperature changes in areas far from the dual fire sources. Figure 4 illustrates that when the two fire sources distance is small, there is only one peak. However, when both the area of fire A and the fire distance increase, two peaks appear. The two fire sources’ interaction decreases with increasing distance between them. In the case of constant power of the fire source, as the area of the fire source increases, the height of the flame decreases. In addition, the air entrainment of the fire plume is enhanced, resulting in a decrease in the temperature of the ceiling. Figure 5 shows the positions where fire plumes hit the tunnel ceiling and the locations of the highest temperatures.




3.2. Maximum Temperature Modelling


Figure 6 shows the maximum temperature change under different fire source spacings (∆Tmax = Tmax − T∞), and T∞ is expressed as the ambient temperature. From the figure, it can be seen that ∆TA-max first reduces and then increases when S is increasing. ∆TB-max exhibits a same variation trend with the increase in S as the variation of ∆TA-max. When the two fire sources distance reaches a threshold, the interaction of two fires decreases, and the MT rise does not change with the increase in fire spacing. When the spacing between two fire sources is small, the air entrainment of the plume is limited [38]. As the distance increases, the air entrainment of the fire plume is enhanced, which results in a temperature decrease. In cases when the distance between two fire sources is small, the flame plumes tilt inward. As the distance increases, the tilt angle gradually decreases, and eventually the flame burns vertically, which could be the reason for the above mentioned subsequent increase in the maximum temperature rise.



We will try to establish a model to predict the MT under the ceiling. Previous scholars, in their studies of the MT below the tunnel ceiling [39,40,41,42], have developed a model between Tmax/T∞ and   Q ˙  , the size of the fire (D) and the distance between surface of the fire and ceiling (Hef).



In this study, the tunnel ceiling temperature is associated with a number of factors, including the fire source size, fire source power (HRR), the distance between two fire sources (S) and the distance from fire surface to tunnel ceiling (Hef). Because asymmetric dual fire sources with different areas and shapes are the key research point in this study, and the height of the burner setup does not change, the effect of Hef is not considered when analyzing the maximum temperature.



Considering the interaction of two fire sources, to determine the ∆Tmax of the two sources, the dimensions, spacing and fire power of the two sources should be considered; Wan et al. [22] proposed a dimensionless fire power by analyzing the difference between two different rectangular sources in burner side length, the spacing between two fire sources and the power of fire sources, which is shown as following equation:


    Q ˙   e q  *  =     Q ˙   e q      ρ ∞   c p   T ∞   g  1 / 2    D  e q   5 / 2      



(3)




in which     Q ˙   e q     refers to the equivalent heat release rate, kW, and Deq means the equivalent size of burner. The equivalent size of the two burners is calculated as:


   D  e q   = γ  D A  + δ  D B   



(4)







In Equation (4), γ and δ represent the weight values corresponding to the two fire sources, respectively. Here γ + δ = 1, and both γ and δ are non-negative. This study focuses on asymmetric dual fire sources with varying sizes and shapes. To facilitate equivalent calculations of their dimensions and account for the varying aspect ratios’ impact on the combustion of rectangular fire sources, the concept of perimeter diameter  d  [43] is introduced to characterize the sizes of the two fire sources. The formula for the perimeter diameter of a rectangular fire source is calculated as follows:


  d =   2   L + W    π   



(5)







According to the ratio of the perimeter diameter of the two fires, the corresponding weight value then is determined. For example, when the length (LA) of fire source A is 1.5 m, the ratio between the perimeter diameter of the two sources is 14:11, so that the weight value of the characteristic dimensions for the two sources is 0.56 and 0.44. The equivalent dimensions of the two burners can be expressed as:


   D  A e q   = 0.56  d A  + 0.44  d B   



(6)






   D  B e q   = 0.56  d B  + 0.44  d A   



(7)







Furthermore, the impact of the spacing between asymmetric dual fires is assessed through the introduction of a normalization parameter  α  [22], as delineated in the following equation:


    Q ˙   A e q   =   Q ˙  A  +  α A    Q ˙  B   



(8)






    Q ˙   B e q   =   Q ˙  B  +  α B    Q ˙  A   



(9)







Regarding the parameter  α , it is considered that, under condition of the spacing at 0 m, the two fires can be regarded as a unified source, with  α  being set to 1. As the spacing between the fire sources increases to a sufficient large value, the reciprocal influence diminishes, and  α  approximates to 0. The value of  α  is dependent on the dimensions of the fire sources and their spacing. The  α  decreases with the increase in fire spacing. Thus,  α  can be formulated as an exponential function, exhibiting a negative correlation with the fire spacing S. Considering the effects of spacing and the size of the fire sources,  α  is represented by the following equation:


   α A  =  e  − K S /  d A     



(10)






   α B  =  e  − K S /  d B     



(11)







In the equation, the coefficient in front of     S  /  d     (K = 1.5) is based on the assumption adopted by Wan et al. [22]. This study finds that by selecting different K values (ranging from 0 to 5) for calculating  α , the  α  value ranging from 0 to 1 can be achieved under different conditions when K is set to 1.5.


    Q ˙   A e q  *  =     Q ˙  A  +  α A    Q ˙  B     ρ ∞   c p   T ∞   g  1 / 2       γ  d A  + δ  d B      5 / 2      



(12)






    Q ˙   B e q  *  =     Q ˙  B  +  α B    Q ˙  A     ρ ∞   c p   T ∞   g  1 / 2       γ  d B  + δ  d A      5 / 2      



(13)







When the sizes of the two fire sources are the same, Equations (12) and (13) are identical.



Figure 7 illustrates the association between the MT (∆Tmax/T∞) and the dimensionless fire source power. It is evident from the figure that all data points are densely distributed. By performing a nonlinear fitting of the data, a predictive model for the MT below ceiling is obtained as shown in Equation (14):


    ∆  T  max      T ∞    = 3.57 − 3.6 exp   − 0.4   Q ˙   e q  *    , 1.87 ≤   Q ˙   e q  *  ≤ 5.77 ,  



(14)







The tunnel model and fire source settings used in this simulation are similar to the full-scale tunnel model and fire source settings adopted by Ji et al. [18]. By comparing the numerical simulation results with the findings of Ji et al., the outcomes are calculated using Formula (14), as depicted in Figure 8. The proposed model could well predict the MT below ceiling in tunnels featuring asymmetric dual fire sources under conditions of natural ventilation, thereby demonstrating its reliability and applicability to real-world scenarios. Based on the above analysis results, it can be seen that this model can well predict MT in this situation, and the results obtained are consistent with the research results of other scholars, thus demonstrating high practical application value.





4. Conclusions


This study employs the FDS numerical simulation method to analyze the TD and maximum temperature below tunnel ceiling with asymmetric dual fire sources under natural ventilation. The distance between two fire sources and their sizes were varied. The research finds that the sizes of fire sources and the distance between them could affect the TD and MT below tunnel ceiling. Specific findings include:




	
With the same power of fire source, when the size of one of the fire sources increases, the corresponding maximum temperature beneath ceiling decreases. With the increase in fire spacing, the temperature peak below the ceiling shifts from one to two, and the peak temperature of the larger fire source is lower compared to that of the smaller one.



	
When the fire sources distance increases, the maximum temperature initially decreases and then increases. Beyond a certain distance, the maximum temperature no longer changes with increasing distance.



	
Considering the impact of fire sizes and spacings on the MT, we developed a new predictive model for calculating MT in the case of asymmetric fire sources under a tunnel ceiling. The model performs well in predicting simulation results, showing its novelty and validity for predicting the maximum temperature under case of asymmetric dual fire sources.








In present research, we studied the TD and MT beneath the ceiling induced by a ceiling jet of asymmetric dual fire sources in a naturally ventilated tunnel, by varying the size and spacing of the fire. Nevertheless, this article still has certain shortcomings. For the burner setup, only rectangular burners were used, and they were positioned exclusively along the tunnel’s centerline. However, in reality, tunnel fire scenarios are far more complex. Future studies will explore asymmetric dual fire sources, focusing on different shapes and locations. In this paper, we only obtained the prediction model for MT, and the temperature decay along the tunnel ceiling was not analyzed deeply, which will continue to be researched in future research. Additionally, the tunnel model cross-section adopted in this simulation is rectangular, and it is necessary to conduct investigations with different cross-sections in future research.
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Figure 1. Schematic diagram of tunnel model and numerical setup. 
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Figure 2. Temperature distribution beneath tunnel ceiling based on four grid systems. 
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Figure 3. Comparison of numerical results with the predictions based on Heskestad model [13]. 
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Figure 4. Longitudinal temperature distribution (TD) along the tunnel ceiling. 
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Figure 5. Schematic of the position of impingement point for cases of (a) small spacing and (b) large spacing. 
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Figure 6. MT against burner spacing. 
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Figure 7. Relationship between ∆Tmax/T∞ and       Q  ˙    e q   *    . 
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Figure 8. Comparison of predicted results with simulated results and Ji’s experimental results [18]. 
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Table 1. Summary of simulation tests.
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	Test No.
	Heat Release Rate (MW)
	The Dimensions of Burner A (L × W)

(m × m)
	The Distance between Two Burners (m)





	1–30
	4 + 4
	1 × 1, 1.2 × 1, 1.5 × 1, 1.8 × 1, 2 × 1
	0, 0.2, 0.4, 0.6, 0.8, 1, 2



	31–60
	5 + 5
	1 × 1, 1.2 × 1, 1.5 × 1, 1.8 × 1, 2 × 1
	0, 0.2, 0.4, 0.6, 0.8, 1, 2



	61–90
	6 + 6
	1 × 1, 1.2 × 1, 1.5 × 1, 1.8 × 1, 2 × 1
	0, 0.2, 0.4, 0.6, 0.8, 1, 2










 





Table 2. Different grid size schemes.
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	Grid System
	Grid Size in Near-Fire Region
	Grid Size in Other Regions
	Total Number of Mesh





	1
	0.2 m × 0.2 m × 0.2 m
	0.2 m × 0.2 m × 0.2 m
	1,890,000



	2
	0.25 m × 0.25 m × 0.25 m
	0.25 m × 0.25 m × 0.25 m
	967,680



	3
	0.25 m × 0.25 m × 0.25 m
	0.5 m × 0.5 m × 0.5 m
	524,160



	4
	0.5 m × 0.5 m × 0.5 m
	0.5 m × 0.5 m × 0.5 m
	120,960
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