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Abstract

:

In South Korea, the need to link fire and evacuation simulations to compare the available safety egress time (ASET) and required safety egress time (RSET) in real time when implementing performance-based design in buildings is increasing. Accordingly, the Consolidated Model of Fire Growth and Smoke Transport (CFAST) has been discussed as an alternative to the fire dynamics simulator, which requires high computational costs, sufficient experience in fire dynamics numerical calculations, and various input parameters and faces limitations in integration with evacuation simulations. A method for establishing a reasonable computational domain to predict the activation times of smoke and heat detectors has been proposed. This study examined the validity of using CFAST to predict factors relevant to the ASET evaluation. The results showed that CFAST, which solved empirical correlations based on heat release rates, predicted high gas temperatures similarly. Moreover, the applicability of the visibility distance calculation method using smoke concentration outputs from CFAST was examined. The results suggest that despite the limitations of the zone model, CFAST can produce reasonable ASET results. These results are expected to enhance the usability of CFAST in terms of understanding general fire engineering technology and simple fire dynamics trends.
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1. Introduction


In South Korea, predicting outcomes for various fire scenarios based on the purpose and use of different buildings is essential for implementing performance-based design (PBD). Generally, PBD is adopted for the fire safety design of buildings, employing engineering-based simulations to address fire hazards. PBD evaluates the fire safety of buildings by comparing the available safety egress time (ASET) and required safety egress time (RSET) obtained through fire and evacuation simulations, respectively. This involves assessing time-related factors for the safety of building occupants in scenarios with a high fire risk. The ASET > RSET is considered safer than the ASET < RSET [1]. For fire simulation, the fire dynamics simulator (FDS) and Consolidated Model of Fire Growth and Smoke Transport (CFAST) are generally used [2,3]. They were developed and validated by the National Institute of Standard and Technology (NIST). For evacuation simulations, Pathfinder [4] developed by Thunderhead Engineering, Simulex [5], and buildingEXODUS [6] are utilized. In conducting these simulations independently, the temperature and concentrations of chemical species from fire simulations are not considered in the location predictions of occupants in evacuation simulations [7].



ASET is calculated from the primary results of fire simulations for selected fire scenarios based on the purpose in the PBD implementation. Figure 1a shows the PBD process and evaluation factors for fire and evacuation simulations [8]. ASET evaluates the impact at the height of the breathing limit line (1.8 m) of heat (60 °C), toxic gas concentrations (O2 below 15%, CO2 above 5%, and CO above 1400 ppm), and visibility related to the height of the smoke layer following life safety standards [9]. The visibility is assessed when it is below 5 m in general facilities and below 10 m in relatively high-ceiling assembly and sales facilities. During this process, engineers must simultaneously consider the fundamental prediction uncertainties of the fire modeling and the systematization of interpretation methods and numerical result verification for accurate ASET evaluation. The RSET is the sum of evacuation delay times from evacuation simulations, starting from the activation point of the detectors in the fire simulations. A building is considered safe when the final ASET is larger than the RSET, thereby providing a margin of safety. Figure 1b shows the major parameters that determine the evaluation results among the various parameters calculated for the ASET in the PBD evaluations conducted over the past five years. In 94% of the cases, ASET was determined by visibility [10], thereby indicating the dominant influence and significance of visibility in the ASET evaluation [11].



FDS, commonly used in PBD implementation, continuously performs validation and verification against numerous full-scale fire experiments and is primarily applied due to its ability to efficiently interpret complex fire dynamics using a large eddy simulation (LES) technique [12,13]. However, obtaining reliable predictions with FDS requires accurate physical and numerical input parameters. Specifically, the heat release rate per unit area (HRRPUA) has the highest impact on numerical solutions as a modeling fire source [14]. For accurate predictions of visibility and CO and CO2 concentrations considered in fire safety standards, numerous user-required input parameters, such as the CO and soot yield generated during a fire, are required. Therefore, studies on establishing databases of the experimentally measured heat release rate (HRR), CO concentration, and soot yield for various combustibles under fire conditions have been reported [15,16,17]. To accurately predict detector activation times in the RSET of the PBD implementation in buildings, experimentally measured physical input parameters are presented [18,19]. As such, the use of various input parameters can lead to different risk assessments for similar fire scenarios, a critical drawback depending on the user’s discretion in PBD implementation. Furthermore, the grid size significantly affects the accuracy of numerical solutions, thereby rendering the interpretation results less reliable and dependent on extensive numerical experiences.



CFAST, a typical fire modeling tool applying the zone model, assumes uniform properties by dividing the computation domain into upper hot and lower cool layers and considering the interrelation of heat and mass flux across the boundary. Each zone is assumed to be a control volume, and changes over time are considered through empirical correlations using the law of conservation of mass and energy. Thus, understanding fire dynamics is necessary to conceptually simplify fire behavior, with an existing barrier to entry. Although small computational domains provide a relatively good prediction performance, large domains or aspect ratios can reduce the reliability of the results. Based on the nature of the model, the separation of heat and the concentration between the upper and lower layers must be considered, thereby necessitating similar dimensions for the width and height of the computational domain [20]. However, CFAST has advantages including easy operation after short-term training. It can be used on lower-performance computers and requires a significantly low computational cost. It has faster computation times than other analysis tools and a good prediction performance in smaller computational domains. Owing to these advantages, fire engineers and researchers are continuously verifying the accuracy of CFAST based on experimental results [21,22] and have obtained reasonable results from the perspective of the computational cost [23]. Therefore, by providing a setting approach to understand fire dynamics trends through the simple assumptions of CFAST, its practical application for achieving simple and targeted results has been examined.



This study was conducted as part of a project aimed at developing a program for establishing evacuation plans by fire safety managers in a building fire scenario. The applicability of CFAST, a relatively simple analysis tool, was examined when evaluating the ASET and RSET within the same domain through the real-time integration of fire and evacuation simulations, which is necessary for enhancing the reliability of life safety assessment [24,25]. Based on the assumption of the uniform properties of the zone model within each zone, fire modeling in areas (corridors) with large horizontal aspect ratios requires careful consideration. Previous studies have compared the activation times of smoke and heat detectors predicted by FDS and CFAST, thereby reporting measures for setting computational domains [26]. This study presents a method for utilizing CFAST in evaluating ASET, which has a significantly lower computational cost than FDS. In the future, the prediction performance of CFAST on real buildings will be investigated from the perspective of the practical application of the methodology described in this paper.




2. Conditions and Methods for Fire Simulation


2.1. Fire Simulation Conditions


To review the physical quantities evaluated in life safety standards, as predicted by smoke and heat spread in fire models, FDS version 6.7.9 and CFAST version 7.7.0 were applied. Figure 2a shows the computational domain of the FDS considered for the ASET evaluation, which is set in accordance with the standard compartment. In PBD implementation, a single floor is examined; hence, a corridor shape extended by 12.0 m from the opening was considered. In this setup, fire is started inside a standard compartment, and heat and smoke are configured to move into the corridor, while the stairwell geometry limits the flow from the doorway. The corridor section is set to 16.0 m (x) × 2.4 m (y) × 2.4 m (z), and the staircase is set to 4.8 m (x) × 4.8 m (y) × 7.2 m (z). As CFAST cannot consider structures, the opening of the standard compartment was excluded for a direct comparison of the prediction results. The physical quantities considered for the ASET were set at a height of 1.8 m from the floor and spaced 0.2 m apart from the exit to minimize the influence of boundary conditions. Predicted physical quantities included the gas temperature and volume fractions of O2, CO2, and CO, including visibility. CFAST does not output visibility over time; however, we post-processed visibility using smoke concentration data based on the importance and need for visibility, as shown in Figure 1b.



Figure 2b shows that the computational domain in the CFAST is divided and set up with regular intervals. The reason for this approach is that our previous studies showed how to utilize the CFAST, which has the advantage of a low computational cost. Owing to the limitations relative to applying the zone model in areas with large aspect ratios, it was reported that the computational domain needed to be divided at regular intervals to accurately predict the physical quantities. Studies on application measures for utilizing heat and smoke detectors in the CFAST to accurately evaluate RSET have been reported. Based on the prediction correlations of the CFAST for the temperature, flow rate, and smoke concentration, careful consideration is required to divide the computational domain for heat and smoke detectors [26].



In predicting temperature using heat detectors, the influence of velocity is dominant. Even if the area of interest is close to the fire source, if it is divided from the fire room, the ceiling jet velocity is fixed at 0.1 m/s [20]. Although undivided computational domains are appropriate for accurately predicting high gas temperatures, in PBD, fire simulations are conducted for the entire building or a floor, as needed. Hence, when setting the computational domain based on the structure of the building, the probability that the fire room and exit are in the same computational domain is very low. To predict the smoke concentration, the computational domain is appropriate for dividing the fire room, while mass transfer should be ensured between adjacent compartments. In this study, the divided computational domain required for the prediction of various physical quantities was set, including the FDS and CFAST with a square fire source of 1.0 m in the center of each compartment.



For fire simulation input data, the prediction results of the physical quantities for evaluating the ASET under various fire growth curves were applied, as shown in Figure 3. The temperature of the gases generated from the flame, the concentration of the chemical species, and the visibility can differ significantly from the maximum HRR (HRRmax) and fire growth rate. In this study, the prediction results of the FDS and CFAST were compared based on changes in the HRRmax and fire growth rate. Figure 3a shows the fire conditions considered for review based on changes in the fire growth rate. Four conditions—slow, medium, fast, and ultrafast—outlined in NFPA 92 [27] were considered based on the same HRRmax of 1.0 MW. Additionally, all the conditions were set to reach HRRmax at 1.0 MW and were maintained for 1000 s. Figure 3b shows the fire conditions considered for review based on changes in the HRRmax. To further examine the physical quantities evaluated in the ASET using FDS and CFAST, the slowest fire growth rate (  α   = 0.0029) was set. All the conditions maintained the slow fire growth rate, although HRRmax was assumed to reach 0.5, 1.0, 1.5, and 2.0 MW and was maintained for 1000 s. Normal heptane was used as the fire source for implementing various fire growth curves [28]. From a computational cost perspective, the FDS required approximately 25,920 min, whereas the computation time of the CFAST was 155,500 times higher.




2.2. Fire Simulation Method


The criteria for evaluating the ASET in PBD for specific target buildings are presented in Table 1. The fire simulations assess the time required to reach a temperature of 60 °C or more at a height of 1.8 m (breathing limit line) from the floor after a fire starts. The time when the concentrations of various chemical species exceed their critical values is evaluated, such as when it is below 15% for O2, above 5% for CO2, and 1400 ppm for CO. This evaluation includes the time when the visibility for occupants drops to 5 m or less for light-reflecting objects. Using a conservative approach, the ASET of the building is evaluated based on the smallest time value among these physical quantities for reaching their respective critical values. The major input parameters of the fire simulation that can significantly alter the physical quantities that influence ASET, such as the heat of combustion, CO yield, and soot yield, were set identically to those in previous studies [26].



The FDS calculates the physical conditions at the center of each cell in a three-dimensional grid as a function of time, which is based on fundamental equations for mass, momentum, and energy. In this case, a simple chemistry method is applied, thereby determining the amount of combustion products simply through yield values. Specifically, the concentrations of the chemical species are implemented in proportion to the fuel supply using user-inputted CO and soot yields [12]. The generated CO and soot move based on the dynamics equations of the gas phase implemented by heat release rates and buoyancy from the fire source. However, CFAST applies Bernoulli’s equation to predict the flow rate and pressure using the mass and energy conservation laws [20]. Therefore, by dividing the area where the fire source is located from areas without it, the concentration of the chemical species in the upper and lower layers of each section is output owing to the pressure difference at the boundary conditions. Similar to the FDS, the CO and soot produced per unit mass of consumed fuel are specified, thereby enabling the implementation of the chemical species and smoke concentration.



Particularly, the smoke concentration predicted based on the user-specified soot yield is closely related to visibility, a major physical quantity in determining ASET. Specifically, in both FDS and CFAST, the smoke concentration is predicted using Equation (1). During a fire, the smoke concentration is calculated along with other major products, which are determined by the intensity of the monochromatic light passing through a distance L [12,20].


  D = −   1   L     l o g   10       I     I   0       = K   l o g   10   e ,   K =   K   m   ρ   Y   s    



(1)




where   D   represents the optical density,     I   0     is the light intensity without smoke, and   I   is the light intensity after passing through smoke. The calculated optical density is then redefined by the light extinction coefficient   K  . Additionally,   K   is a major variable for evaluating visibility within the computational domain, which is expressed as the product of     K   m     (mass specific extinction coefficient, m2/kg) and   ρ   Y   s     (density of smoke particulate, mg/m3) [12]. The default value of K, an average of the various fuels and conditions, is 8700 m2/kg [29].   ρ   Y   s     is determined in real time by the smoke generated in a fire and is directly influenced by the user-inputted soot yield.



The FDS predicts visibility caused by the smoke concentration using Equation (2). S represents visibility, and   C   is a dimensionless specific constant based on the type of object viewed through smoke, with   C   = 8 for light-emitting signs and   C   = 3 for reflective signs. The default value of   C   used in FDS visibility calculations is 3, set for reflective signs [30].


  S = C / K  



(2)







As CFAST does not directly output visibility, it applies Equation (2), which is used in FDS, to evaluate the visibility caused by smoke from a fire. The coefficient   K  , as predicted in CFAST, and the visibility constant set to 3 for reflective markers such as in FDS are utilized. Since FDS assumes a maximum visibility distance of 30 m, any value of   S   exceeding 30 m is set to 30 m in post-processing [12]. Previous studies have reported on the predictive performance by comparing the activation times of heat and smoke detectors in the FDS with those in the CFAST to confirm the feasibility of calculating RSET using CFAST. This approach can contribute to the completeness of programs aimed at developing evacuation plans by fire safety managers.





3. Results and Analysis


3.1. Prediction of ASET Evaluation Factors Based on Fire Models


Figure 4 compares the gas temperatures predicted at the 1.8 m breathing limit line using FDS and CFAST. The X-axis shows the gas temperatures predicted using FDS, and the Y-axis shows those predicted using CFAST, thereby enabling a direct comparison of the physical quantities predicted by both tools. The critical value for the PBD is 60 °C. This value is reached in all fire scenarios regardless of the fire growth rate or HRRmax. Figure 4a shows that as the fire growth rate increases, CFAST tends to under-predict the gas temperatures. This under-prediction by CFAST seems to arise because the model does not consider the exact ceiling jet velocity due to the division of the computational domain where the fire source is located and the area predicting the ASET. Specifically, CFAST assumes a ceiling jet velocity of 0.1 m/s in computational domains separated from the fire room, as reported in previous studies [20]. Figure 4b shows that although the range of the predicted gas temperatures varies with the HRRmax, both the FDS and CFAST predict similar gas temperatures.



Figure 5 compares the concentrations of the chemical species predicted at positions 0.2 m from the exit using the fire model. By observing the concentrations of O2, CO2, and CO at varying fire growth rates, we confirmed that the concentration is predicted within the same range when only the fire growth speed differs, while the HRRmax remains the same. Furthermore, the faster the fire growth speed, the more similar the results of the predicted O2, CO2, and CO concentrations using FDS in the initial stages of the fire. Conversely, slower speeds tend to result in over-prediction. Looking at the predicted concentrations of the chemical species to evaluate ASET using the fire models, the critical values are not reached under all conditions. The concentrations of the chemical species predicted using CFAST are over-predicted compared to those using FDS, thereby suggesting that ASET values would be smaller than those of FDS. From a conservative perspective, CFAST can be utilized to grasp simple trends in fire engineering.



Figure 6 compares the concentrations of the chemical species predicted at the 1.8 m breathing limit line using FDS and CFAST based on the changes in HRRmax. The X-axis shows the concentrations predicted using FDS, and the Y-axis shows those predicted using CFAST, thereby enabling a direct comparison between both tools. Figure 6a shows that as the HRRmax increases, the oxygen concentration predicted using the fire models decreases. As the HRRmax increases, compared with FDS, CFAST tends to over-predict the oxygen concentration. As previously mentioned, the critical value for oxygen concentration is 15%, and this critical value is reached in the 2000 kW condition predicted using CFAST. Examining Figure 6b,c, which compare and illustrate the volume fractions of CO2 and CO predicted using the fire models, the concentrations of CO2 and CO increase as the HRRmax increases. The critical value for CO2 in PBD is 5%. However, the CO2 concentrations predicted by the CFAST and FDS do not reach this critical value. The critical value for CO is 1400 ppm, and studies have shown that neither of the predicted CO concentrations of the fire models have reached this critical value. The concentrations of the chemical species predicted using CFAST are over-predicted compared with those predicted using FDS.



As CFAST does not directly output visibility, as described in Section 2.2, it was post-processed using the method employed by FDS. Thus, visibility predicted at the 1.8 m breathing limit line using the FDS and CFAST is shown in Figure 7. As previously mentioned, when post-processing the optical density predicted by the CFAST into visibility, a limit of 30 m is applied when the value is exceeded. Consequently, compared with FDS, CFAST maintains a visibility of 30 m for an extended duration after smoke generation. The critical value for visibility in PBD is 5 m. All fire scenarios reach this critical value regardless of the fire growth rate or HRRmax. Figure 7a shows that as the fire growth speed increases, the visibility predicted by CFAST is over-estimated compared with that predicted by FDS. This discrepancy exists because CFAST predicts smoke concentration in the relatively averaged wide range of the upper layer, unlike FDS, which calculates visibility based on a localized grid for smoke concentration at a height of 1.8 m. Furthermore, Figure 7b shows that the predicted visibility based on changes in the HRRmax does not exhibit considerably quantitative differences.




3.2. Comparison of Predicted Results of Major ASET Evaluation Factors Using Fire Models


This study compared the raw data of physical quantities reaching critical values among the ASET evaluation factors, as stipulated by the life safety standards in Table 1, through the fire scenarios considered. As shown in Figure 1, the statistically significant ranking of the evaluation factors of the ASET when performing PBD was analyzed and found to be visibility, followed by the gas temperature. Similar physical quantities were selected for the fire scenario applied in this study. Specifically, the prediction results for the gas temperature at the 1.8 m breathing limit line in FDS and in the upper layer in CFAST, including visibility, were compared and analyzed.



Figure 8a shows the raw data for the changes in the fire growth rate, thereby indicating a similar trend to the predictions of FDS, although the onset of the temperature rise differs. As the fire growth rate increases, the initial temperature rise in the CFAST appears slower. The critical value for the gas temperature in life safety standards is 60 °C, and it is influenced by the change in the fire growth rate. Consequently, the times when the gas temperature reaches the critical value are 279, 143, 77, and 45 s in FDS and 290, 164, 99, and 62 s in CFAST. Figure 8b shows the gas temperature changes based on the HRRmax, thereby revealing overall similar trends. When comparing the results predicted by FDS and CFAST, CFAST tends to under-predict the maximum gas temperature as the HRRmax increases. Regarding changes in the HRRmax, the critical value of the gas temperature (60 °C) is similarly predicted. Listing the times when the gas temperature reaches the critical value, FDS shows 263, 267, 273, and 275 s, whereas CFAST consistently reaches the same time of 290 s for all the conditions. Hence, regardless of the changes in the fire growth rate and HRRmax, the gas temperatures predicted by both fire models correspond.



Figure 9 compares the visibility predicted by FDS and CFAST post-processed into visibility. Observing the predicted results for changes in the fire growth rate, CFAST shows a slower visibility reduction than FDS, although it reaches the critical value faster. The reason for the difference in the fire models is that while FDS calculates numerous grid points, CFAST divides them into two zones and expresses each zone as an average value. Therefore, visibility does not decrease at the initial stages of a relatively low smoke concentration but does as the fire grows and a sufficient smoke concentration is generated. Although the initial reduction in visibility differs, the trend is very similar, with FDS reaching the critical value in 50, 84,151, and 281 s and CFAST reaching it in 58, 88, 135, and 212 s. The delayed reduction in visibility under the slow condition of FDS is attributed to fluctuations caused by fresh air entering at the boundary condition of the exit. Owing to an increase in the HRR, the visibility predicted by FDS and CFAST exhibits similar trends, and a significant difference in the time reaching the critical value is observed under the slow condition. This indicates the need to examine the applicability in various computational domains, rather than a lack of predictive accuracy for a specific fire growth speed.



Figure 10 quantitatively compares the times when the gas temperature and visibility reach their critical values in FDS and CFAST, thereby examining the potential applicability of CFAST. According to the life safety standards in Table 1, ASET is assessed using the time required for the gas temperature to exceed 60 °C and for the visibility to drop below 5 m at a height of 1.8 m from the floor. Accordingly, this study applied a similar concept, with the X-axis corresponding to how long it takes to reach the critical values in FDS and the Y-axis corresponding to that for CFAST. Figure 10a shows that the ASET evaluated using the gas temperatures predicted by CFAST is extremely similar to that of FDS. The time difference for reaching the critical values predicted by FDS and CFAST is 20 s slower, with a difference of 7% to 41% relative to the time predicted by the FDS. The time required to reach 60 °C under all conditions, regardless of the fire growth rate, can result in a difference of 20 s compared to FDS. This phenomenon is attributed to the model limitations of the CFAST, wherein the computational domain is divided between the fire source and exit area, thereby fixing the ceiling jet flow at 0.1 m/s [20]. Despite these limitations, CFAST is suitable for predicting gas temperatures considering its substantial advantage in terms of its computational cost.



FDS predicts the smoke concentration at a localized location at a point, while CFAST predicts the average smoke concentration of the upper layer in the exit zone. Figure 10b shows that CFAST predicts a smaller ASET for visibility than FDS, which calculates the smoke concentration at localized positions. In the slow, CFAST under-predicts by 70 s, and in the ultrafast condition, it over-predicts by a maximum of 6 s. This indicates a –25% to 12% range in the time difference for reaching the critical value for visibility compared with FDS. Such results do not indicate the limitations of accuracy for specific fire growth rates. Rather, further examination in terms of applicability in different computational domains will be conducted. Additionally, for CFAST, differences in the time needed to reach the critical value of predicted visibility with changes in the fire growth rate can be observed. This is attributed to the basic assumptions, such as the mass and energy conservation laws, of the zone model in CFAST, thereby resulting in pressure differences between the upper and lower layers in divided spaces [20]. Hence, faster fire growth rates lead to a rapid transfer of smoke concentration in interested computational domains owing to the higher pressure in each divided domain. The possibility of utilization was examined when determining the ASET for the buildings using CFAST, which has a very low calculation cost. The method for and ability of evaluating the time needed to reach the critical values for the gas temperature, chemical species concentration, and visibility through the smoke concentration in CFAST are expected to be highly beneficial for engineers.





4. Conclusions


This study examined the use of CFAST as part of a project to develop a program to help fire safety managers establish evacuation plans in a building fire. We focused on the two most important variables for assessing ASET in building fire risk assessment, namely, visibility and gas temperature. The following are the main conclusions.



Generally, as fire modeling for a single floor of a building is performed, using CFAST in setting the computational domain may involve dividing the area of interest and fire source. Therefore, even if the area of interest is very close to the fire source, by dividing it from the fire room, a fixed flow rate of 0.1 m/s for the gas temperature is evaluated for potential use. Despite these limitations, CFAST is very useful, as it shows an excellent predictive performance for the gas temperature compared with FDS.



The predicted results for the concentration of the chemical species and visibility were over-predicted in CFAST compared to in the FDS. This is because of the zone model limitation of CFAST, which divided the space into hotter upper and cooler lower layers, contrary to FDS, which could predict the concentration at localized positions.



When comparing the times needed to reach the critical value for visibility, as determined by the smoke concentration outputs from CFAST, differences were observed depending on the fire growth rate. Overall, CFAST tended to under-predict visibility. This is believed to be caused by the pressure difference between the upper and lower layers of the smoke generated from the flame in each compartment, which is released by the zone model, which is based on the basic assumption of the conservation of mass and energy. Therefore, CFAST was sufficiently usable from a conservative perspective.



Based on these results, the potential use of the output values of CFAST, which requires a significantly lower computational cost than FDS, for ASET evaluation factors was assessed. The research results are expected to enhance the usability in the understanding of general fire engineering technology and simple fire dynamics trends.
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Figure 1. (a) Fire and evacuation simulation timeline for performance-based design (PBD) in building fires [8]; (b) Statistical proportions of the evaluation factors that determine the available safety egress time (ASET) [10]. 
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Figure 2. Schematic of the computational domain for the prediction of physical quantities related to the ASET. (a) FDS; (b) CFAST. 
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Figure 3. Fire conditions considered for the predictive performance comparison of the FDS and CFAST: (a) Fire growth rate (slow, medium, fast, and ultrafast); (b) Maximum heat release rate (HRRmax). 
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Figure 4. Comparison of gas temperatures for different fire models according to the (a) fire growth rate and (b) maximum heat release rate. 
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Figure 5. Comparison of O2, CO2, and CO concentrations for different fire models against the fire growth rate. (a) O2 concentration; (b) CO2 concentration; (c) CO concentration. 
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Figure 6. Comparison of O2, CO2, and CO concentrations based on the maximum HRR. (a) O2 concentration; (b) CO2 concentration; (c) CO concentration. 






Figure 6. Comparison of O2, CO2, and CO concentrations based on the maximum HRR. (a) O2 concentration; (b) CO2 concentration; (c) CO concentration.



[image: Fire 07 00108 g006]







[image: Fire 07 00108 g007] 





Figure 7. Comparison of visibility for the different fire models based on the fire growth rate and maximum HRR. (a) Fire growth rate; (b) HRRmax. 
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Figure 8. Comparison of the gas temperature using FDS and CFAST in terms of changes in the fire growth rate and maximum HRR. (a) Fire growth rate; (b) HRRmax. 
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Figure 9. Comparison of visibility using FDS and CFAST regarding changes in the fire growth rate and maximum HRR. (a) Fire growth rate; (b) HRRmax. 
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Figure 10. Comparison of the times needed to reach the critical value by FDS and CFAST. (a) Gas temperature; (b) Visibility. 
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Table 1. Performance Criteria of Life Safety in the Domestic PBD Standard at 1.8 m.
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	Parameter
	Value





	Gas temperature
	Over 60 °C



	O2 volume fraction
	Under 15%



	CO2 volume fraction
	Over 5%



	CO volume fraction
	Over 1400 ppm



	Visibility (for a light-reflecting object)
	Under 5 m (other facility)
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