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Abstract

:

Featured Application


The proposed approach could be used as a basis for a decision support tool to reduce the risk of fire in large multi-compartment structures.




Abstract


This paper proposes a hybrid multiscale approach to evaluate the fire performance of large multicompartment structures. A probabilistic network model is at the core of the proposed approach, whose inputs, namely the mean durations of the fire phases and fire transmission through the barriers between compartments (e.g., walls or ventilation ducts), are determined beforehand by a zone model, which is detailed in a companion paper and a one-dimensional computational fluid dynamics code. Next, a proof of concept is developed by applying the hybrid approach to different fire scenarios in a full-scale generic military corvette and a four-story office building. The simulation results highlight the strengths and limitations of the proposed approach. Regarding the latter, a field model is used to evaluate how the hybrid approach performs depending on the interaction between the entire building system and its ventilation and the fire. Finally, a statistical study is carried out to produce fire vulnerability and risk maps, ranking the fire compartments according to their vulnerability or propensity to generate serious fires.
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1. Introduction


Fire safety of large multicompartment enclosures (e.g., high-rise buildings, commercial and military ships, or industrial warehouses) is a major issue with consequences for lives, properties, structures, activities, and the environment. The problem becomes more and more acute as the size and architectural complexity increases, along with the fuel load and the variety of materials that can be involved in a fire. There are also time constraints, which necessarily lead to compromise in engineering safety to save costs and time. All of this makes the task of fire safety engineers, designers, and modelers even more difficult. To address this issue, a hybrid multiscale approach can be used. In their review paper, Ralph and Carvel [1] defined such an approach as the “coupling of two or more sub-models, with different complexities and computational costs, into a single model”. Hybrid approaches differ according to the component models used. When applied to fire safety engineering, network, zone, and/or field models, in order of increasing complexity and computational cost, they can be coupled to simulate fire and smoke spread.



Zone models divide the fire enclosure into one or more layers where mass and energy conservation equations are solved. They assume that all quantities of interest (e.g., temperature or species concentrations) are uniform within each zone. The advantages of zone models are the low memory requirements, speed, and the little data they need, but these models are limited by the geometry of the enclosure. In the most used zone models, the enclosure is made up of two zones—the hot upper smoke layer and the cold lower layer—separated by a planar interface. Among the numerous zone models used by fire safety engineers [2,3,4], only a few have been developed for multicompartment enclosures, including the BRI [5], BRANZFIRE [6], and CFAST [7] models.



In the field or computational fluid dynamics (CFD) models (e.g., [8,9,10]), the solution domain is divided into many small control volumes where the time-dependent Navier–Stokes equations are solved. While field models provide very detailed solutions whatever the geometry of the enclosure, they require more detailed input information and computing resources than zone models.



In large buildings with up to several hundred or thousands of compartments, the use of traditional zone and field models quickly becomes impractical, which explains why network models have been developed (e.g., [11,12,13]). In network models, each compartment is represented as a node, which significantly reduces the size of the computational space required for the simulation. Fire and smoke can spread from one node to another through windows, doors, walls, and ventilation ducts.



In this paper, a hybrid approach, coupling a zone model, a CFD 1D model, and a probabilistic network model, is presented to simulate fire and smoke propagation in large multicompartment structures. The paper is organized as follows. First, we present the models upon which the hybrid multiscale approach is based, as well as the interaction between them. Note that the zone model is described in a companion paper [14] and is not detailed here. A proof of concept is developed by applying the hybrid approach to a full-scale generic military corvette and a four-story office building. Next, a statistical study is conducted to provide fire vulnerability and risk maps.




2. The Hybrid Multiscale Approach


As mentioned earlier, a probabilistic network model is used to simulate the propagation of fire and smoke in a large structure. It includes the short- and long-distance connections between compartments and allows for a realistic layout of compartments with more or less complex geometric shapes. The physical phenomena related to the development of fire in a compartment and its transmission to other compartments are simulated by time-dependent Gaussian probability density functions (pdfs). Used as inputs of the network model, the mean values of the pdfs associated with the fire phases and fire transmissions through the barriers between adjacent compartments are determined from a zone model, while a 1D CFD model is used to evaluate the mean pdf value associated with the failure of a ventilation duct connecting adjacent and remote compartments. In the following section, we detail the three models that comprise the hybrid approach, which is schematized in Figure 1.



2.1. The Compartment Fire Zone Model


As illustrated in Figure 2, after ignition, a compartment fire may undergo the phases of growth, fully developed fire, and decay. Flashover is not a fire stage, but the transition from the growth stage to a fully developed fire, involving all the combustible materials within the compartment. Decay occurs when most of the fuel has been consumed and the heat release rate (HRR) begins to decrease. It is generally accepted that this occurs, at time    t  d e    , when 70 to 80% of the fuel has been consumed [15,16,17]. However, the experiments carried out in [14] have shown that this can take place for values lower than 70% (e.g., 65% for pine wood) or higher than 80% (e.g., 95% for heptane). During the decay phase, the fire evolves from a ventilation-controlled regime to a fuel surface-controlled regime.



Design Fires


In a companion paper [14], the authors present a two-zone model that was developed to predict fire development in a compartment where single- or multi-fuel combustion occurs. This model was validated using data from full-scale experiments involving different combinations of solid and liquid fuels and varying the confinement level of the compartment. In this phase of validation, the pyrolysis or combustion rate, and therefore the HRR, was deduced from the fuel mass loss rate measured over time. Unfortunately, for the present study cases, the HRR time curve in each compartment is unknown. To overcome this issue, the time evolution of the HRR is assumed to follow three phases: a growth phase where it increases as the square of time [18,19], a steady phase, and a decay phase where it decreases as the square of time:


  H R R =  {       α  g r    t 2      s i   t <  t  m a x         H R  R  m a x       s i    t  m a x   ≤ t ≤  t  d e          α  d e      (   t  e x   − t  )   2      s i    t  d e   < t ≤  t  e x         0     s i   t >  t  e x          



(1)




where  t  is the time from established ignition (in s),    α  g r     and    α  d e     are the respective fire growth and decay rates (in W/s2),    t  m a x     is the time at which the HRR is maximum (  H R  R  m a x     in W),    t  d e     is the time when decay starts, and    t  e x     is the time when fire ends.



The calculation of HRR requires knowledge of the initial fuel mass    m 0   ,   H R  R  m a x    ,    α  g r    , the chemical heat of combustion of fuel,   Δ  h  c h    , and the fraction  p  of the initial fuel mass beyond which fire decay begins. The other parameters are deduced from the following relationships:


   t  m a x   =    (  H R  R  m a x   /  α  g r    )    0.5    



(2)






   t  d e   =  t  m a x   +   p    m 0    Δ  h  c h   −  1 3   α  g r    t  m a x  3    H R  R  m a x      



(3)






   α  d e   =   H R  R  m a x  3       [  3  m 0   (  1 − p  )  Δ  h  c h    ]   2     



(4)






   t  e x   =  t  d e   +    (  H R  R  m a x   /  α  d e    )    0.5    



(5)







Figure 3a shows the design fires for 50 cm diameter pool fires of heptane and JP5 (kerosene-based fuel used in military aircraft, NATO code: F44) using the following standard set of parameters: for the heptane pool fire,   Δ  h  c h   =  41.2 J/kg [20],    α  g r   =  49 W/s2, and   p =   0.95; and for the JP5 pool fire,   Δ  h  c h   =  40.0 J/kg [20],    α  g r   =  30 W/s2, and   p =   0.95. A good agreement is obtained with experiments carried out in the DIAMAN device [14].



For larger enclosure fires (  H R  R  m a x   > 1.5    MW  )  , experiments are difficult to conduct. To overcome this problem, a scaling procedure is developed. Although established for open fires, the correlation of Babrauskas [21] is used to account for the functional dependence of the mass loss rate on the pool diameter  D :


       m ″   ˙   D  =      m ″   ˙   ∞   (  1 −  e  − κ β D    )   



(6)







The values of        m ″   ˙   ∞   , the mass loss rate of an infinite diameter pool, and   k β  , an extinction coefficient, were determined by Babrauskas for a large number of fuels [21]. For a given fuel, Equation (6) allows for calculating the maximum HRR,   H R  R  m a x  D   , of a pool fire of diameter  D  from that of a pool fire of smaller diameter  d  for which   H R  R  m a x  d    is known:


    H R  R  m a x  D    H R  R  m a x  d    =        m ″   ˙   D  Δ  h  c h          m ″   ˙   d  Δ  h  c h        (   D d   )   2  =   1 − e x  p  − k β D     1 − e x  p  − k β d        (   D d   )   2   



(7)







In the present study, the scaling procedure is used to determine the design fires for large fires from those validated on smaller fires [14]. When applied to 70 cm diameter heptane and JP5 pool fires, using the standard set of parameters given previously, it satisfactorily reproduces the experimental HRR curves, as shown in Figure 3b. Note that the effect due to the thermal feedback from the pan walls to the remaining fuel at the end of burning (lip effect), which is clearly visible in the evolution of the HRR, especially for heptane pool diameters of 50 and 70 cm, cannot be reproduced by Equation (1), which is not bad insofar as this experimental artifact does not exist under real fire conditions.





2.2. The Network Model


From the compartment connectivity information, it is possible to define a graph representing the possible paths of fire propagation from the fire compartment to the others compartments though openings and various barriers, including walls, closed doors, closed windows, closed hatches, and ventilation ducts. In such a graph, the nodes represent the compartments, and the links represent the connections between two compartments. An example of a network graph is shown in Figure 4, where all modes of fire transmission through barriers are represented.



2.2.1. Model Assumptions


The probabilistic model is inspired by the work of Cheng and Hadjisophocleous [12]. It is based on the following assumptions.



Assumption 1 (A1).

The probabilities of flashover and barrier failure are represented by time-dependent Gaussian probability density functions (pdf). Each pdf depends on two parameters, namely the mean and the standard deviation. The mean values for flashover and barrier failure, namely   μ  f o       and    μ  b f    , correspond to the values obtained from both the zone and 1D CFD models, and each associated standard deviation is a fraction, here 0.15, of the mean value (e.g.,    σ  f o   = 0.15  μ  f o    ).





Assumption 2 (A2).

The probability of transmission through an opening is equal to 1. As suggested in [12], when two compartments are separated just by an open door, open window, open hatch, or there is no barrier between them, if flashover occurs in one of the compartments, the fire will immediately spread to the other compartment. For a large compartment, such as a hall or a corridor in a building, the compartment can be divided into several virtual compartments without boundary barriers between them.





Assumption 3 (A3).

The ignition of a target compartment C2 by a fire compartment C1 occurs only if the fire in C1 is fully developed and if the transmission from C1 to C2 already happened.





Assumption 4 (A4).

Fire transmission through the wall occurs when the temperature of the outer face of the wall exceeds a critical temperature. The minimum ignition temperature of combustible materials can be determined from standard tests [22,23,24,25] or from specific tests, such as those carried out specifically by DGA in an enclosure where a 1.25 MW fire was developing [26]. The latter showed that ignition of cellulosic or synthetic materials can occur when the temperature of the hot surface exceeds 340 °C.





Assumption 5 (A5).

Fire spread from C1 to C2 is effective only when the fire in C2 is fully developed.





Assumption 6 (A6).

The mean time until flashover is defined as the time interval between ignition and the time at which the temperature in the hot layer reaches 550 °C [3,27].





Assumption 7 (A7).

Fire transmission through a ventilation duct, filled with air or hot combustion products, occurs when the temperature of the outer face of the duct exceeds 340 °C. When the hot gases emerge into the target compartment, fire transmission occurs when the gas temperature exceeds 550 °C, by analogy with the flashover criterion.





Assumption 8 (A8).

The common glass of windows in a compartment is assumed to break and fall off once flashover occurs in the compartment [12].






2.2.2. Model Probabilities


Probability of barrier failure



The pdf of the barrier failure between a compartment C1, where the fire is fully developed, and another compartment C2 at time  t  can be written as


   p  b f    (  C 1 → C 2  )  =  1   σ  b f     2 π     e x p  (  −      [   (  t −  t  f o    )  −  μ  b f    ]   2    2  σ  b f  2     )   



(8)




where    μ  b f       and    σ  b f     are the mean and standard deviation of duration of barrier failure, respectively.



The corresponding cumulative probability at time  t  is thus given by


   P  b f    (  C 1 → C 2  )  =   ∫    t  f o    t   p  b f    (  C 1 → C 2  )  d t    for     t  f o   ≤ t ≤  t  f o   +  τ  f d      



(9)







The above equation can be integrated analytically using the error function as follows:


   P  b f    (  C 1 → C 2  )  =  1 2  e r f  (    t −  t  f o   −  μ  b f      σ  b f    2     )  +  1 2  e r f  (     μ  b f      σ  b f    2     )     for     t  f o   +  τ  f d    



(10)







Probability of a fully developed fire



If ignition occurred in compartment C1, the fire may grow to a fully developed fire. If the hot layer temperature is less than the critical value for flashover (i.e., 550 °C), flashover would not be expected to occur in the compartment, and the probability of fire growth to a fully developed fire is zero. Otherwise, flashover can occur in the compartment.



The pdf of fire growth to a fully developed fire at time  t  is


   p  f d    (  C 1  )  =  1   σ  f o     2 π     e x p  (  −      [   (  t −  t  i g    )  −  μ  f o    ]   2    2  σ  f o  2     )   



(11)







When flashover occurred in the compartment, the cumulative probability can be calculated as:


   P  f d    (  C 1  )  =  {        ∫    t  i g    t   p  f d    (  C 1  )  d t       f o r    t  i g   ≤ t ≤  t  i g   +  τ  f o   +  τ  f d         0   o t h e r w i s e        



(12)




where    μ  f o     and    σ  f o     are the mean and standard deviation of the flashover time in the compartment, respectively.



When flashover does not occur in the compartment, the cumulative probability is deduced from Equation (12). Then, a random number  R  between 0 and 1 is generated and compared to the computed cumulative probability. If   R ≤  P  f d      (  C 1  )   , flashover occur in C1 and the flashover time    t  f o     is equal to the current time  t . Otherwise, flashover does not occur at time  t  in C1.



Probability of ignition



Given the A3 assumption, the probability of ignition of C2 by C1 is expressed as


   P  i g    (  C 1 → C 2  )  =  P  b f    (  C 1 → C 2  )  ×  P  f d    (  C 1  )   



(13)







The statistical approach consists in drawing a random number   0 < R < 1   and comparing R to the probability of ignition. If   R ≤  P  i  g      (  C 1 → C 2  )   , then ignition occurs in C2 and the ignition time    t  i g     is equal to the current time  t . If a target compartment is connected to several fully developed fire compartments, the probability of ignition increases due to the heat transferred from all adjacent fire compartments. For example, if C2 has two adjacent fire compartments C1 and C3, the probability of C2 ignition becomes


   P  i g    (  C 1 → C 2   o r   C 3 → C 2  )  =  P  i g    (  C 1 → C 2  )  +  P  i g    (  C 3 → C 2  )  −  P  i g    (  C 1 → C 2  )  ×  P  i g    (  C 3 → C 2  )   



(14)







Fire spread probability



According to the assumption A5, the probability of fire spread from C1 to C2 is equal to


   P  s p r e a d    (  C 1 → C 2  )  =  P  i g    (  C 1 → C 2  )  ×  P  f d    (  C 2  )   



(15)




where    P  i  g      (  C 1 → C 2  )    is the probability of ignition of C2 by C1, and    P  f d    (  C 2  )    is the probability of fully developed fire in C2.




2.2.3. Smoke Transport


The calculation of the smoke transport is integrated in the network model. It is based on a simple filling model (see, for example, [28]), which assumes that:




	
The smoke does not interact with a burning room, which is truer as the space that can be affected by the smoke is large and the characteristic propagation times of smoke is larger than that of fire;



	
Ventilation, natural or mechanical, of the structure has no significant impact on the flow of smoke;



	
The smoke flow from a burning room is evenly distributed to the rooms connected to it by a free opening, such as a door, a hatch, or a window.








The filling model uses as input data the time evolutions of the mass flow rate, density, and temperature of the smoke leaving the fire compartment calculated by the zone model. For a non-fire compartment, the height of the smoke layer interface is deduced from the mass conservation equation, written as:


    z ˙  i  =    q  s m  −  −  q  s m  +     ρ  s m    A  r o o m      



(16)




where    q  s m  −    and    q  s m  +    are the mass flow rates of smoke leaving or entering the compartment through the openings,    ρ  s m     is the smoke density, and    A  r o o m     is the floor area of the compartment.



In order to take into account the cooling of smoke as it travels through the structure, many authors have established correlations whose general form is based on the solution of mass, momentum, and energy balance equations (e.g., [29,30]). In our study, the correlation of Bailey et al. [29], validated on corridor fires, is used to calculate the evolution of the smoke temperature    T f   ( x )   , and thus the smoke density, as a function of the distance  x  from the source:


  log  (     T f   ( x )  −  T  a m b      T  f 0   −  T  a m b      )  ≅ 0.003 − 0.018   x  



(17)




where    T  f 0     is the temperature of smoke in the compartment of fire origin (i.e., at   x = 0  ), and    T  a m b     is the ambient temperature.




2.2.4. Fire Spread through the Exterior Windows


If a fire occurs in a compartment C1, the radiative and convective heat flux generated could cause the window glass to break. In some cases, the flames could then be projected outward from the structure, shattering the window of the upper floor compartment D1, entering D1, and igniting the combustible materials therein. This occurs when the fire in C1 is ventilation controlled. To determine whether the fire could spread through the exterior windows, the flame height  z  above the soffit of the C1 window is evaluated as follows [31]:


  z = 12.8    (       m v   ˙     W 0     )    2 / 3   −  H 0   



(18)




where      m v   ˙    is the fuel burning rate in C1, and    H 0    and    W 0    are the height and width of the C1 window, respectively. In summary, fire transmission by exterior windows occurs if the fire in C1 is fully developed and ventilation controlled, and if   z ≤ d  , where   d   is the distance between the C1 and D1 windows.




2.2.5. Procedure


The network model requires input data and model parameters that are listed below.




	
Total simulation time    t  e n d    ;



	
Simulation time step;



	
Number of statistical samples    n  m a x    ;



	
Structure: the number of floors, number of compartments per floor, distance between any two compartments, and distance between vertically aligned outward facing windows. A number is assigned to each compartment on each floor of the structure;



	
For each compartment: the dimensions of the compartment; location in the structure, dimensions, and initial status (open or closed) of doors and windows; wall properties (including insulation); mean durations of flashover, fully developed fire, decay, and barrier failure (here, the conservative value of 15% of the mean value is retained for the standard deviations); mass flow rate, temperature, and composition of smoke leaving the compartment over time;



	
Number of the first compartment on fire.








The flow chart describing the sequence of operations of the network model is shown in Figure 5. The first step consists in creating the connectivity network linking compartments, barriers, and openings. Given the probabilistic nature of the network model, it is necessary to perform a large number of runs in order to extract reliable statistical averages. Preliminary calculations show that 100 independent runs per test case are sufficient to obtain good statistical accuracy. At the end of the statistical loop, the network model gives the average times of ignition, flashover, fully developed fire, decay, and extinguishment for each compartment. In other words, it provides information on the chronology of the fire, giving the state of the compartments over time, classified as healthy compartments, and compartments where the fire started, was fully developed, and/or extinguished by lack of fuel or oxygen. The calculation of smoke transport in the structure is based on these average values. The output files provide the filling chronology of the compartments by the smoke.





2.3. The CFD 1D Model


A one-dimensional version of the software SAFIR, a three-dimensional CFD fire compartment model developed jointly by DGA and the University of Aix-Marseille (for example [10]), is used to model the gas flow and heat transfer in a ventilation duct. It is based on the conservation laws for mass, momentum, and energy. Two different duct flow configurations are considered. In the first configuration, ventilation air is flowing through the duct, which is heated along its circumference in the fire compartment, while in the second, the hot combustion products produced in the fire compartment enter the duct and propagate heat. In the second configuration, 2D axisymmetric gas radiation (including the contribution of radiatively participating gaseous species and soot) is considered.



For model validation, eight experiments, plus replications, were conducted in the ventilation network of the DIAMAN device described in [14]. The stainless-steel duct connected to the fire compartment is 21 m long, 20 cm in diameter, and 1 mm thick. It was instrumented by placing 16 thermocouples on the outer surface of the duct, at about 1 m intervals for the measurement of the skin temperature, noted Tp1 to Tp16, and six Pitot tubes with integrated thermocouple for the measurement of the velocity and temperature of the gas in the duct, noted (V1,T1) to (V6,T6) (Figure 6).



Due to the limitations in heat release rate of the fires conducted (approximately 1.25 MW), the criteria for fire transmission through a ventilation duct, namely 340 and 550 °C, could not be met. Therefore, in the present study, we assumed that fire transmission in the compartments that are crossed by the duct occurs when the temperature of its outer face exceeds 180 °C or when the temperature of the combustion products flowing through exceeds 250 °C. A detailed description of the model and validation is given in [32].



The study case presented here corresponds to a 70 cm diameter heptane pool fire with a maximum heat release rate of approximately 1.2 MW (Figure 7a). The initial extraction rate was 36 m3/h. Experimental measurements at the inlet of the duct are used as boundary conditions (temperature, volume flow rate, and species concentrations). Figure 7b shows the predicted and measured time evolutions of the distances traveled by the 180 and 250 °C isotherms. A good agreement was obtained, as also observed for the other experiments (not shown). The model results can therefore be used to estimate the time of duct failure. For example, in the presented study case, fire transmission occurs in a target compartment located 15 m away from the fire compartment after 148 or 507 s depending on whether the ventilation duct passes through the target compartment or the hot gases flow into it (Figure 7b). The CFD 1D model is used here to determine the propensity of a fire compartment, modeled by the zone model, to transmit fire through the ventilation network.





3. Proof of Concept


A proof of concept is developed and evaluated in this section by applying the hybrid multiscale approach to fire scenarios in a four-story office building and a full-scale generic military corvette.



3.1. Application to a Multi-Story Office Building


The case study considered is an office building with four floors, labelled A through D, starting at the bottom. Figure 8 displays the plans of the first and second floors of the building, showing the distribution of the compartments, as well as the position and initial state (open or closed) of the doors and windows. The third and fourth floors are identical to the second floor. The building has four emergency exits that are in compartment 07 of each floor. The doors and emergency exits are 2 m × 1 m. They are fireproof and therefore do not transmit fire. Each floor has a ceiling height of 3 m and contains 15 compartments: 9 private offices of 5 m × 4 m (01 to 04 and 11 to 15), except for floor A, where compartment A04 corresponds to the main entrance; 3 co-working compartments of 5 m × 8 m (07 to 09), except for floor A, which has 2 co-working compartments (A07 and A09) and an archive and document storage room (A08, hereafter called archive room); and 3 compartments containing no combustible load, namely the stairwell (06), the elevator shaft (05), and the toilets (10). The 1 m × 2 m windows are initially closed, but the glazing can break if the fire in the compartment is fully developed. The exterior walls and floors are made of concrete and have a thickness of 15 and 10 cm, respectively. They are insulated by a lining combining a plasterboard BA13 that is 1.25 cm thick and a rock wool panel that is 6 cm thick. The inside partitions are made of a 10 cm thick BA13/rock wool/BA13 complex.



Two test cases are presented depending on whether the emergency exits are closed or open. For both cases, the fire starts in compartment A08. At this moment, it is assumed that the ventilation is cut off in the whole structure.



The building consists of empty (no fuel load) compartments and compartments where a wide variety of combustible materials can be found, such as wooden furniture, computer equipment (e.g., computers, printers), upholstered chairs or benches. To represent this diversity, the fuel in a room is assumed to be a mixture of up to three components: pine wood, a thermoplastic polymer—the poly (methyl methacrylate) or PMMA, and a polyurethane (PU) foam, the distribution and loading of which differ depending on the compartment type. Table 1 gives information on the fuel components present in the three types of compartments and the values of the parameters needed to construct the prescribed HRR time curve in each compartment type using the scaling procedure (see Section 2.2) and the strategy presented in [14] for compartments where multi-fuel combustion occurs. The parameter values are evaluated from tests performed in the DIAMAN device [14] and office building visits. The fire load values are lower than those recommended by EN 1991-2-2 [33]. They match better with localized fires, where only a limited area of the fire load in the compartment is involved in fire. The design fires of the three types of compartments are shown in Figure 9.



3.1.1. Zone Model Results


As mentioned earlier, the zone model was beforehand used to simulate the development of a fire in each compartment [14]. Table 2 gives the thermal properties of the materials making up the walls and partitions of the building. Given the geometry, fuel load, and ventilation conditions, eight separate compartment fire scenarios were investigated (Table 3). Table 3 presents the results obtained with the zone model, in terms of times of flashover, decay, and extinguishment. For all simulations, the time step was 50 µs. A run for the simulation of 1 h of fire takes less than 2 CPU minutes on a PC with Intel® Core i7-4770 (3.40 GHz) and 16 GB RAM.



The first two fire scenarios correspond to a private office with a window that can be initially closed or opened (due to glass breakage by external flames) when the fire starts in the compartment. As expected, ventilation conditions influence the onset of flashover. When the window is initially open (FS2), the burning compartment does not reach the flashover, due to energy losses through this opening. In the opposite case (FS1), flashover occurs after 7′49″ of fire. The same result is found when comparing the simulation results for fire scenarios in co-working spaces. When the compartment has no window (FS3) or when it is initially closed (FS4), the fire is fully developed after 9′20”. When the window is initially open (FS5) or when the compartment has six doors open (FS7), flashover does not occur. Again, smoke evacuation through the openings generates heat losses that limit the temperature rise of the gas in the hot gas layer. Although the co-working spaces are twice as large as the private offices, the flashover, decay, and extinguishment times in these compartments are quite similar (9′20″ vs. 7′49″, 10′00″ vs. 9′20″, and 28′11″ vs. 29′00″, respectively). FS7 corresponds to the archive room. Despite the large area of openings, the high fuel load accounts for the onset of flashover, but later than for the other room types, after 18′46″ of fire.



For each of the cases studied, the zone model provides information on the time evolution of the smoke leaving a fire compartment. As an example, the results obtained for the archive room are presented in Figure 10. After approximately 20′ of fire, the smoke mass flow rate is maximal, at 3.5 kg/s, and then it decreases progressively in the decay phase of the fire (Figure 10a). The time evolution of the smoke temperature, which corresponds to the gas temperature in the hot layer, is given in Figure 10b. The temperature of 550 °C, at which flashover occurs, is reached 18′46” after the fire starts. The smoke temperature then continues to increase up to 578 °C, after 20′, before decreasing. The smoke density versus time curve (Figure 10b) nearly follows the gas temperature curve. At the time of maximum gas temperature, the smoke density reaches a minimum of about 0.4 kg/m3. It then increases in the decay phase of the fire due to the supply of fresh air through the openings and the decrease in gas temperature.




3.1.2. Network Model Results


The network model was applied to two different fire scenarios. In average, a run takes a few CPU seconds on a 3.40 GHz/16 GB RAM PC.



First fire scenario



For this fire scenario, the emergency exits are closed. Table 4 and Figure 11 show the chronology of the fire, where the origin of the time corresponds to the ignition of compartment A08. First, the fire spreads both through both openings (e.g., from A08 to A04) and exterior windows (e.g., from A01 to B01). The compartment of fire origin A08 reaches the flashover after 18′ of fire. Compartments A04, A07, and A09, which are connected to it by an open door, also ignite within one minute. After reaching the flashover, these compartments spread the fire to the remaining compartments on the second floor (A01, A02, A11, A14, and A15). After 27′ of fire, all the sensitive compartments on floor A with at least one open door ignite. They experience a fully developed fire 6′ later. As soon as the flashover occurs in A09 (at 27′), all conditions are met for the fire to spread from the outside of the building to compartment B09 on the second floor. Seven minutes later (at 34′), the same phenomenon allows for the fire transmission to compartments B01, B02, B11, B14, and B15. Out of the six affected compartments on floor B, none of them reaches flashover. In 34′, the fire spread to 15 rooms on the first two floors of the building. Of these 15 rooms, 9 reach the flashover. After 63′, the fire is extinguished.



Figure 12 shows how smoke fills the building over time. The smoke first spreads horizontally through floor A, filling the compartments adjacent to the fire source compartment (A07, A09, and A04), and then the neighboring compartments (A01, A02, A14, and A15), after 6′ and 10′ of fire, respectively. The smoke then reaches the upper floors through the stairwell and simultaneously fills compartments 09 of floors B to D in 15′, then compartments 13 and 14 in 17′. From 21′ onwards, compartments A04, A07, and A08 ignite and the smoke they generate is added to that of compartment A08. Compartments 03, 04, 11, and 12 are filled with smoke after 25′, co-working spaces 08 after 32′, and finally private offices 01, 02, and 11 after 36′. In 36′, the smoke fills the entire available space, i.e., 49 rooms on the four floors.



In order to evaluate the reliability of the results obtained with the simple smoke filling model, the transport of smoke was also simulated using the 3D CFD software SAFIR, validated for many fire scenarios (see for example [10]). The simulation covered the first 21′ of fire, before the transmission of the fire to the adjacent rooms of compartment A08. Figure 13 shows the smoke concentration field after 15′ of fire.



The filling chronology of the building predicted by SAFIR is given in Figure 14. This chronology is relatively close to the one determined by the network model (Figure 12). The smoke first fills floor A, in less than 15′, and then moves towards the stairwell (A06). The filling of the upper floors (B, C and D) starts with room D15 in 15′ and then is simultaneous for rooms 09 of floors B to D (17′). Note that the filling of floor D earlier than that of floors B and C is due to gravity, as well as the size and configuration of the building. The hot smoke rises to floor D and accumulates there before filling floors B and C almost simultaneously. For a taller building, the smoke would have cooled more before reaching the top floor, likely promoting the filling of the intermediate floors. Before the ignition of rooms A04, A07, and A08, 18 rooms are filled with smoke up to 1.80 m above the floor.



As assumed in the simple filling model, rooms fill up one after the other up to the height of the soffits, and then spread the smoke to adjacent compartments. When a room is connected to several rooms by a door (e.g., A08), the smoke is distributed evenly, and in the case of a connection through a horizontal opening (here, the stairwell), all connected upper rooms fill almost simultaneously.



The histogram in Figure 15 compares the filling times obtained with the network model and SAFIR. The network model slightly underestimates the filling times, i.e., the rooms fill up faster. In the CFD simulation, the smoke tends to accumulate on the second floor, to the detriment of the upper floors. One of the reasons for these discrepancies is that the correlation of Bailey et al. [29], validated on corridor fires, is not fully adapted to the configuration of the building. With the network model, the smoke does not cool fast enough, which accelerates the successive filling of the rooms. However, the comparative analysis shows a satisfactory agreement, in terms of chronology and filling times, with an average deviation of approximately 3′.



Second fire scenario



When the emergency exits are open, the propagation of smoke is influenced by the ventilation. The smoke filling chronology obtained with the SAFIR code in this configuration is shown in Figure 16. It differs significantly from that obtained when the emergency exits are kept closed (Figure 13). The first rooms to be filled are the archive room A08 and the main entrance A04, after 6′ of fire. After 15′, the smoke fills the offices A14 and A15, it circulates to the upper floors and invades the co-working spaces C09 and D09. From 17′ onwards, a difference in filling between the four floors of the building can be noticed. The smoke invades first the spaces on floors C and D (D08, C14, C15, D14, and D15), while the filling of floor B just starts (B09). The co-working spaces A07 and A09 are filled with smoke. After 21′, the difference in filling between the different floors is obvious. Floors A and D have almost finished filling, with 6 and 7 rooms filled out of 12, respectively, 4 for floor C and only 2 on floor B. The interaction with ventilation modifies the transport of smoke and therefore the filling of the rooms. The smoke is transported in priority to floors C and D, which slows down the filling of the other floors, and in particular floor B. In addition, the openings to the outside cause a loss of smoke flow, which escapes through the emergency exits. The histogram in Figure 17 allows us to compare the results obtained with the network model and SAFIR. The differences between the two models are more marked than for the first scenario. The opening of the emergency exits modifies the path taken by the smoke, which circulates in priority towards floors C and D, which the network model cannot consider. It underestimates the filling times, especially for rooms A09 and A07 on floor B. In other words, the simple filling model shows its limits when the ventilation conditions create a strong interaction between the fire and the complete system [1].





3.2. Application to a Full-Scale Generic Military Corvette


The network model is applied to a generic corvette, the SURVIVE® corvette from QinetiQ [34] (Figure 18). This corvette, with dimensions of 90 m × 12 m × 16 m, is composed of seven decks and 115 compartments, 96 of which are sensitive (i.e., contain combustible elements) and likely to propagate fire. As for the four-story building, the simulation is done in two steps: first, for each of the sensitive compartments, the zone model calculates the duration of the different phases of fire and transmission through the barriers, as well as the time evolution of smoke properties; second, the network model is used to calculate the fire and smoke propagation in the entire corvette.



First of all, sensitive compartments are classified according to their function into 10 different types. Compartments that do not contain any fuel are referred to as “empty”. Figure 19 and Figure 20 show the referencing and distribution of the compartments, as well as the positions and status of the openings (i.e., doors, staircases, and access hatches to the decks). Table 5 describes the fuel content of each type of fire-prone compartments, the equivalent fuel(s) used, and, in the last four columns, the values of the parameters needed to construct their design fire curve (see Section 2.2). Most of these data were evaluated during visits aboard French Navy corvettes, with the assistance of DGA naval architects. Note that the ammunition storage magazines and fuel storage tanks are not modelled. These compartments are not susceptible to burning because of the reinforced protection systems they are equipped with. The compartment walls are made of 1 cm steel, covered or not with insulation depending on the type of compartment and its location in the corvette. Table 6 gives the thermal properties of the materials making up the bulkheads of the corvette. An overview of the insulation system on board the corvettes is provided as Supplementary Materials with the manuscript (Figures S1 and S2).



As shown in Figure 19 and Figure 20, we placed a horizontal ventilation duct on deck 1. Two fire scenarios are presented and discussed, depending on whether the ventilation is off or on when the fire starts and beyond. For both scenarios, the fire starts in compartment E112 on deck 1.



3.2.1. Zone Model Results


For both scenarios, the zone model was applied to describe the fire development and smoke production in the 96 fire-prone compartments of the corvette, for a total of 184 simulations. Combustion properties of the equivalent fuels in Table 5 are available in [20].



The example of the accommodation compartment E112 is given below for the first scenario (i.e., ventilation was off). Compartment E112 measures 7 m × 3.7 m × 3 m. It is made of 1 cm thick bare steel walls, has an upward opening of 0.81 m2 to room E0012, and has a 2 m × 1 m door to corridor E110. The prescribed HRR time curve in E112 is evaluated using the values of the parameters in Table 5 and the strategy presented in [14] for compartments where multi-fuel combustion occurs. The design fire of E112 is plotted in Figure 21.



The times of the fire phases and barrier failures in E112, as well as the time evolution of the mass flow rate, temperature, and density of the smoke leaving E112 were calculated using the zone model. Flashover, decay, and extinguishment take place after 12′57”, 16′00”, and 21′21”, respectively. Due to the thermal properties of bare steel, the durations of the fire resistance of the walls are relatively short, namely 14′30”, 15′11”, and 19′44” for the side walls, ceiling, and floor, respectively. Although not shown here, the smoke mass flow rate reaches its maximum value in 15′, i.e., 2.8 kg/s; it then remains constant for 10′ and gradually decreases. The smoke temperature reaches 550 °C at the moment of flashover, then continues to increase until it reaches 610 °C after 25′ of fire. At this moment, the density is minimum, with 0.4 kg/m3.




3.2.2. 1D CFD Model Results


When the ventilation is on (second fire scenario), the hot smoke generated by the fire in compartment E112 enters the ventilation duct, passes through compartments D122 and D112, and then enters compartment C112. The 1D CFD model was used to determine the time after which duct failure occurred in D122, D112, and C112. The results obtained show that the maximum temperature of the smoke in room C112, located at 8 m from E112, was 489 °C, which did not allow for igniting the fuels present in this room. On the contrary, transmission to rooms D122 and D112, located at 0 m and 4.5 m from E112, occurred after 11′30” and 23′50” of fire, respectively, as shown in Figure 22, where the distance travelled from E112 by the isotherm 350 °C in the duct is plotted over time.



On average, a run takes approximately 15 CPU seconds on a 3.40 GHz/16 GB RAM PC.




3.2.3. Network Model Results


Using the results obtained from the zone and 1D CFD models, the propagation of fire and smoke in the corvette was simulated by the network model. Table 7 gives the ignition and flashover times in each compartment affected by the fire for both scenarios.



As shown in Table 7 and Figure 23, the fire spreads through the openings and the walls. The onset of flashover in E112 at 9′ allows for the fire to spread to the adjacent rooms connected by an opening, i.e., by a hatch to room E0012 and an open door to room E110. The fire then spreads through the side walls to rooms E122 and D122 in 18′, and then through the floor to room E210 after 22′. The fire then gradually spreads to section D, first to deck 1 via room D110 after 34′, then via rooms D112 and D132 at 43′. The fire finally reaches deck 00, igniting rooms D0012 and D0022 (45′) and D0010 (54′). It spreads to deck 00 in section C, in room C0022 at 63′, then in rooms C0020, C0012, and C0010 after 72′, 81′, and 148′. In 148′, the fire spreads to 16 rooms on three decks (decks 2 to 00). Of the 16 rooms affected, 6 reach the flashover. Corridors stop the spread of fire from one side of the ship to the other. The cofferdams, placed between each section, also limit the propagation of fire from one section to another and, in our case, confine the fire in sections C to E.



As expected, the smoke affects more rooms than the fire (Figure 24). During the first minutes of the fire, the transport of smoke is vertical. As the fire origin compartment E112 is connected by a hatch to rooms E0012, E0110, and E0212, the smoke logically spreads to the upper decks, which are filled with smoke in only 10′. After 15′ of fire, sections D and E are filled with smoke on four different decks (decks 1 to 02). The fire then spreads laterally to the two remaining decks (decks 1 and 00). Section C is filled after 20′, followed by sections F and H, 5′ later. It is necessary to wait 30′, after the rooms of the upper decks are filled, for the room F210 of deck 2 to be affected by the smoke. After 30′, the smoke fills all the available space, i.e., 76 rooms on decks 2 to 02 in which the smoke interface is less than 1.80 m.



If we compare the simulation results obtained for the two fire scenarios (Table 7), it can be observed that mechanical ventilation leads to an earlier ignition of the rooms connected to the fire origin compartment by the ventilation duct, in particular room D112, which ignites 19′ earlier. On the other hand, it only slightly modifies the ignition and flashover times of the other rooms, the difference not exceeding 2′, nor the duration of the fire (148′ vs. 147′). The mechanical ventilation slightly modifies the filling of the rooms by the smoke from the fire origin compartment, as observed by comparing Figure 24 and Figure 25. As the duct is open in room C112, this room will start filling with smoke at the same time as E112. The duct connecting rooms E112 and C112 transports the smoke to room C112, which fills up to 1.80 m from the floor after only 5′, compared to 15′ in the case without mechanical ventilation. The smoke is shared between the filling of the upper decks (section E) through the hatches and the filling of section C by the ventilation duct. Ten minutes after the start of the fire, the filling of the rooms is slightly delayed compared to the case without ventilation, with 18 of the 25 planned rooms filled with smoke. The smoke in the ventilation duct slows down faster and therefore takes longer to fill the same rooms. After 15′ of fire, the upper floors are filled, and the spread is lateral on decks 1 and 00. It takes 27′ for all decks to be filled. The ignition of room D112, which occurs 19′ earlier by transmission of the fire via the ventilation duct connected to room E112, increases the production of smoke. The entire available space, i.e., 76 rooms, is filled with smoke in 27′ instead of 30′ in the case without mechanical ventilation.






4. Fire Vulnerability and Risk Maps


The network model can be used to provide vulnerability and risk maps, allowing for the compartments to be classified according to their vulnerability or their propensity to generate serious fires. The procedure is as follows: a fire is ignited in one of the structure’s sensitive compartments, and the average number of times the other compartments are affected by the fire (ignition, followed or not by flashover) is recorded; this is repeated for each of the sensitive compartments, and an average is calculated over all fire scenarios. In the example given below, we are only focusing on the spread of fire in the corvette, assuming that the mechanical ventilation was off. The histogram in Figure 26 allows for a quick assessment of the vulnerability of each sensitive compartment. The most vulnerable room is room C0010, which was hit 10 times by fire. However, it did not experience any flashover, making it unsuitable for spreading fire. The same goes for rooms C0020 and D0010, which are slightly less vulnerable, having been hit only 8 times. Nearly a third of the rooms, mainly on decks 0 and 1, experienced one or more flashovers (in red in Figure 26).



The results can also be used to rank compartments based on their propensity to generate fires of varying severity when they originate the fire. Examination of Figure 27 shows that some compartments have a greater ability to generate fully developed fires in other compartments, such as compartments D122, E112, H122, H132, C0022, D0012, and D0022. These are compartments with a high degree of connectivity (the “super nodes” or “hot spots” of the network) and whose fuel load and ventilation conditions can lead to sufficiently large and oxygenated fires.



Vulnerability and risk maps can thus be used to help decision makers identify areas to defend or contain using reinforced detection and protection systems (e.g., insulation or water spray systems).




5. Conclusions


This paper presents a hybrid multiscale approach to produce real-time fire and smoke maps in large multicompartment structures. The proposed approach is based on a network model, whose inputs are determined from two validated models, namely a zone model and a 1D CFD model. Two demonstration cases for a four-story office building and a generic military corvette are presented herein. For the first one, a statistical study is conducted to produce fire risk maps, ranking the building compartments by to their propensity to burn or generate fires of varying severity, and identifying the sensitive and vulnerable areas to be defended. At this stage of development, smoke transport is calculated by a simple filling model whose limits are identified, by comparing results from such a model with results from a validated 3D CFD software for the building application. A good agreement is found when smoke propagation is not influenced too much by the entire building system and its ventilation. Otherwise, when a strong two-way interaction exists, the agreement degrades. Although further work is needed to improve the modeling of smoke transport, we believe that the hybrid approach could be the basis of a decision support tool, ranging from simple sizing of fire detection and control systems, or design of less vulnerable architectures, to fire risk prevention and real-time fire management in multicompartment structures and the training of firefighting staff. The hybrid approach allows modelers to extend the computational domain and explicitly examine an entire system that may have hundreds or even thousands of compartments. This could only be achieved with a CFD code (due to the computational resources it would require) by simplifying the geometry of the system or by considering only a part of the total system and expand conclusions to the entire system [1]. The hybrid method therefore appears to be a good compromise between accuracy and simulation time to simulate fire and smoke propagation in very large structures, with time constraints being a permanent challenge in fire safety engineering.
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Figure 1. Hybrid multiscale approach schematic. 
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Figure 2. The successive phases of enclosure fire development and notations used.    t  i g     is the ignition time,    t  f o     is the flashover time,    t  d e     is the time of fire decay,    t  e n d     is the time when fire ends,    τ  f o     is the duration of fire growth phase from ignition to flashover,    τ  f d     is the duration of the fully developed phase, and    τ  d e     is the duration of the decay phase. 
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Figure 3. Predicted and measured HRR time curves of (a) heptane and (b) JP5 pool fires with diameters of 50 cm and 70 cm. 
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Figure 4. Example of a network graph, showing connectivity between compartments. 
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Figure 5. Flow chart of the network model. 
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Figure 6. Schematic of the DIAMAN device, showing the instrumented ventilation duct. 
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Figure 7. (a) Heat release rate of a 70 cm diameter heptane pool fire, and (b) distances traveled in time by the isotherms at 180 and 250 °C. 
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Figure 8. Plans of (a) the first floor (  z = 0 )   and (b) the second floor (  z = 3   m) of the four-story building. The layouts of the compartments on the third and fourth floors (not shown) are identical to that of the second floor. The fire starts in compartment A08 (red star). 
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Figure 9. HRR time curves for the three types of building compartments. 
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Figure 10. Time evolution of (a) mass flow rate, and (b) temperature and density of the smoke leaving the archive room. 
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Figure 11. First fire scenario in the four-story building: fire maps predicted by the network model after 19′, 27′, 34′, and 63′ of fire. Color code: orange: ignited compartments; yellow: compartments where the fire was transmitted through an exterior window; red: compartments where fire is fully developed; gray: compartments where fire is extinguished. 
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Figure 12. First fire scenario in the four-story building: smoke maps predicted by the network model after 6′, 10′, 15′, 17′, 21′, 25′, 32′, and 36′ of fire. The areas in gray correspond to compartments where the smoke height is less than 1.80 m. 
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Figure 13. First fire scenario in the four-story building: smoke concentration field (in ppm) predicted by the 3D CFD code SAFIR after 15′ of fire. 
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Figure 14. First fire scenario in the four-story building: smoke maps predicted by the 3D CFD code SAFIR after 6′, 10′, 15′, 17′, and 21′ of fire. The shaded areas correspond to compartments where the smoke height is less than 1.80 m. 
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Figure 15. First fire scenario in the four-story building: comparison between the filling times predicted by the network model and the 3D CFD code SAFIR. 
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Figure 16. Second fire scenario in the four-story building: smoke concentration field (in ppm) predicted by the 3D CFD code SAFIR after 15′ of fire. 
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Figure 17. Second fire scenario in the four-story building: comparison between the filling times predicted by the network model and the 3D CFD code SAFIR. 
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Figure 18. 3D view of the generic corvette SURVIVE®. 
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Figure 19. Deck plans of the corvette, showing the referencing and distribution of the compart-ments. 
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Figure 20. Deck plans of the corvette, showing the location and status of the corvette’s openings. 
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Figure 21. Design fire of the accommodation compartment E112. 
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Figure 22. Distance travelled over time by the isotherm 350 °C in the ventilation duct, measured from the fire origin compartment. 
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Figure 23. First fire scenario in the corvette (no mechanical ventilation): fire maps predicted by the network model after 10′, 30′, 50′, 70′, 90′, and 148′ of fire. Color code: orange: compartments where ignition occurs but not flashover; red: compartments where fire is fully developed. 
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Figure 24. First fire scenario in the corvette (no mechanical ventilation): smoke maps predicted by the network model after 5′, 10′, 15′, 20′, 25′, and 30′ of fire. The areas in gray correspond to compartments where the smoke height is less than 1.80 m: in light gray, the compartments affected by smoke at the current time; in dark gray, those affected by smoke at previous times. 
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Figure 25. Second fire scenario in the corvette (with mechanical ventilation): smoke maps predicted by the network model after 5′, 10′, 15′, and 27′ of fire. The areas in gray correspond to compartments where the smoke height is less than 1.80 m: in light gray, the compartments affected by smoke at the current time; in dark gray, those affected by smoke at previous times. 
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Figure 26. Histogram of the average number of times a room was affected by a fire, followed (in red) or not (in blue) by a flashover. For example, compartment E0012 was involved with fire 5 times, but flashover occurred only once. 
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Figure 27. Histogram of the average number of rooms affected by the fire, with (in red) or without (in blue) flashover, depending on the fire origin compartment. For example, a fire starting in room D122 causes the ignition of 15 rooms, 5 of which reach flashover. 
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Table 1. Nature and initial mass of the fuel components present in the three types of compartments and values of the parameters required to build their design fires. In this table, for each fuel component,    m 0    is the initial mass of fuel,    α  g r     is the fire growth rate,   Δ  h  c h     is the chemical heat of combustion,  p  is the fraction of    m 0    beyond which fire begins to decay,   H R  R  m a x     is the maximum value of HRR, and    A f    is the surface area of fuel (see Section 2.2). Combustion properties of wood, PMMA, and PU foam are available in [20].
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Type of Compartment

	
Fuel Components

	
    m 0    

(kg)

	
    α  g r     

(W/s2)

	
   Δ  h  c h     

(MJ/kg) [20]

	
p

	
   H R  R  m a x     

(MW)

	
    A f    

(m2)

	
Fire Load Density (MJ/m2)






	
Private office

	
Wood pine

	
17.5

	
3

	
12.4

	
0.65

	
0.240

	
1

	




	
PMMA

	
15.0

	
15

	
24.2

	
0.85

	
0.760

	
1

	
53.5




	
PU foam

	
17.5

	
49

	
28.0

	
0.85

	
0.810

	
1

	




	
Co-working

compartment

	
Wood pine

	
35.0

	
3

	
12.4

	
0.65

	
0.520

	
2

	




	
PMMA

	
30.0

	
15

	
24.2

	
0.85

	
1.560

	
2

	
53.5




	
PU foam

	
35.0

	
49

	
28.0

	
0.85

	
1.770

	
2

	




	
Archive room

	
Wood pine

	
200.0

	
3.

	
12.4

	
0.65

	
4.000

	
2

	
62.0
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Table 2. Thermal properties of the constituent materials of the walls and partitions of the four-story building (manufacturer’s data).
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	Material
	Conductivity

(W/m/deg.)
	Density

(kg/m3)
	Specific Heat

(J/kg/deg.)
	Emissivity





	Plasterboard BA13
	0.25
	900
	1000
	0.9



	Rock wool
	0.038
	60
	1030
	0.9



	Concrete
	1.75
	2300
	2160
	0.7
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Table 3. Zone model results for the eight fire scenarios. NF means no flashover.
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Fire

	
Type of

	
Open Doors

	
Windows

	
Time (mm′ss″)




	
Scenario

	
Compartment

	
Open 1/Closed

	
Flashover

	
Decay

	
Extinguishment






	
FS1

	
Private

office

	
1 (e.g., A01)

	
0/1

	
7′49″

	
9′20″

	
29′00″




	
FS2

	
1/0

	
NF




	
FS3

	
Co-working

compartment

	
4 (e.g., A07 with emergency exits closed)

	
-

	
9′20″

	
10′00”

	
28′11”




	
FS4

	
4 (e.g., A09 with stairwell)

	
0/1

	
9′20″




	
FS5

	
1/0

	
NF




	
FS6

	
5 (e.g., A07 with emergency exits open)

	
-

	
NF




	
FS7

	
6 (e.g., B08)

	
-

	
NF




	
FS8

	
Archive room

	
3 (A08)

	
-

	
18′46″

	
19′40″

	
30′10″








1 Due to a break in the glazing of the windows facing the outside.
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Table 4. Fire chronology for the first fire scenario in the four-story building.
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Compartment Number

	
Floor

	
Time (min)




	
Ignition

	
Flashover

	
Extinguishment






	
A08

	
1

	
0

	
18

	
25




	
A04

	
1

	
19

	
25

	
28




	
A07

	
1

	
19

	
26

	
29




	
A09

	
1

	
19

	
27

	
29




	
A01

	
1

	
27

	
33

	
36




	
A02

	
1

	
27

	
33

	
36




	
A11

	
1

	
27

	
33

	
36




	
A14

	
1

	
27

	
33

	
36




	
A15

	
1

	
27

	
33

	
36




	
B09

	
2

	
27

	
-

	
55




	
B01

	
2

	
34

	
-

	
63




	
B02

	
2

	
34

	
-

	
63




	
B11

	
2

	
34

	
-

	
63




	
B14

	
2

	
34

	
-

	
63




	
B15

	
2

	
34

	
-

	
63
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Table 5. Characteristics of the different types of compartments.
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Type of Compartment

	
Content

	
Equivalent Fuel(s)

	
    m 0 ″    

(kg/m2)

	
    α  g r     

(W/s2)

	
p

	
   H R   R  m a x     1    

(MW)

	
    A f  /    A F     2    

(%)






	
Control room

	
Electronic and computer equipment, electrical cables

	
PU foam

	
2.7

	
49

	
0.85

	
0.65

	
7.5




	
PMMA

	
4.5

	
3

	
0.80

	
0.45

	
7.5




	
Accommodation

	
Furniture, bedding, textiles, …

	
PU foam

	
7.7

	
49

	
0.85

	
0.65

	
7.5




	
PMMA

	
4.3

	
3

	
0.80

	
0.45

	
7.5




	
Messroom and recreational room

	
Chairs, benches, woodenfurniture, …

	
PU foam

	
1.1

	
49

	
0.85

	
0.65

	
3.33




	
PMMA

	
3.6

	
3

	
0.80

	
0.45

	
3.33




	
Pine wood

	
16

	
3

	
0.65

	
0.39

	
3.33




	
Electrical room

	
Electric cables

	
PMMA

	
75

	
3

	
0.80

	
0.45

	
10




	
Ammunition storage magazines

	
Not modelled

	

	

	

	

	

	




	
Corridor

	
Electric cables

	
PMMA

	
45

	
3

	
0.80

	
0.45

	
20




	
Engine room

	
Hydrocarbons

	
Heptane

	
12.1

	
49

	
0.95

	
1.40

	
5




	
Diesel fuel

	
11.4

	
49

	
0.85

	
1.56

	
5




	
Fuel tank

	
Not modelled

	

	

	

	

	

	




	
Fuel storage room

	
Hydrocarbons, oils, …

	
Heptane

	
71

	
49

	
0.95

	
1.40

	
10




	
Mixed storage room

	
Hydrocarbons, wooden furniture, electrical equipment, …

	
Heptane

	
91.6

	
49

	
0.95

	
1.40

	
3.33




	
PMMA

	
264

	
3

	
0.80

	
0.45

	
3.33








1 Value of   H R  R  m a x     for a 1 m diameter pool fire. 2 Ratio of the surface area of fuel to the floor area in %.
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Table 6. Thermal properties of the constituent materials of corvette bulkheads (manufacturer’s data).
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	Material
	Conductivity

(W/m/deg.)
	Density

(kg/m3)
	Specific Heat

(J/kg/deg.)
	Emissivity





	Steel
	54
	7850
	470
	0.95



	Rockwool UMPA 24
	   6.026 ×   10   − 7    T 2  − 2.245 ×   10   − 4   T + 4.840 ×   10   − 2     
	24
	1000
	0.9



	Rockwool UMPA 36
	   3.358 ×   10   − 7    T 2  − 5.595 ×   10   − 5   T + 2.107 ×   10   − 2     
	36
	1000
	0.9



	Rockwool UMPA 66
	   1.856 ×   10   − 7    T 2  − 6.636 ×   10   − 6   T + 1.345 ×   10   − 2     
	66
	1000
	0.9



	Glass wool PI 662
	0.037
	16
	1000
	0.9



	Rockwoll SEAROX
	   5.0 ×   10   − 7    T 2  − 1.332 ×   10   − 4   T + 3.254 ×   10   − 2     
	100
	1000
	0.9
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Table 7. Ignition and flashover times for the two fire scenarios in the corvette. The values in black correspond to the first scenario (without mechanical ventilation); the values in red correspond to the second fire scenario (with mechanical ventilation).
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Compartment

	
Deck

	
Type of Compartment

	
Time (min)




	
Ignition

	
Flashover






	
E112

	
1

	
Accommodation

	
0

	
0

	
9

	
9




	
E0012

	
00

	
Messroom

	
9

	
9

	
-

	
-




	
E110

	
1

	
Corridor

	
10

	
9

	
-

	
-




	
D122

	
1

	
Accommodation

	
18

	
17

	
33

	
31




	
E122

	
1

	
Mixed storage

	
18

	
18

	
-

	
-




	
E210

	
2

	
Accommodation

	
22

	
21

	
-

	
-




	
D112

	
1

	
Accommodation

	
43

	
24

	
-

	
-




	
D110

	
1

	
Corridor

	
34

	
32

	
-

	
-




	
D132

	
1

	
Mixed storage

	
43

	
41

	
-

	
-




	
D0012

	
00

	
Accommodation

	
45

	
43

	
54

	
52




	
D0022

	
00

	
Accommodation

	
45

	
43

	
55

	
53




	
D0010

	
00

	
Corridor

	
54

	
52

	
-

	
-




	
C0022

	
00

	
Control room

	
63

	
62

	
72

	
70




	
C0020

	
00

	
Corridor

	
72

	
71

	
-

	
-




	
C0012

	
00

	
Electrical room

	
81

	
79

	
144

	
143




	
C0010

	
00

	
Mixed storage

	
148

	
147

	
-

	
-
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