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Abstract

:

The purpose of this paper is to investigate and evaluate the ship engine room fire spreading characteristics based on the effect of firefighting interventions. The large eddy simulation (LES) and theoretical models are employed to simulate a fire scene in the engine room. The fire spreading characteristics and the mechanism of the use of a fine water mist are obtained by varying the ventilation conditions and parameters of the water sprinkler. The results show that the reason why a pool fire can be more easily extinguished as the spray speed increases is because the water mist with a higher spray speed has a larger spray area. Meanwhile, the temperature in the engine room would drop more rapidly with the increasing spray area due to the higher evaporation rate. Furthermore, the arrangement of the ventilation conditions had an obvious effect on the fire spreading characteristics, as the depletion of the combustion medium affects the combustion situation.
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1. Introduction


The engine room fire is one of the main types of ship accidents. The engine room has a high probability of fire due to the dense arrangement of oil piping, numerous combustible materials, and restricted space and narrow passages. Once a fire occurs, it spreads quickly and is difficult to put out, and the safety of people and property is seriously threatened. The design of sprinkler systems is generally based on the requirements of the fire code.



Once a fire occurs in a ship, it is necessary to consider the effectiveness of the fire extinguishing medium interacting with the fire according to the combustion properties of the fire source, and then measures should be taken such as launching automated water sprinklers or releasing a carbon dioxide extinguishing agent or sealing the cabin vents to ensure the safety of personnel and property. Among them, automated water sprinklers are widely used in various fields due to their many advantages such as high efficiency, stability, low cost, sustainability, and environmental-friendliness. The use of water sprinkler systems in enclosed spaces has been studied since the 1960s, and most of the research in this area were experiment based. Cooper et al. [1,2] were the first to investigate the mechanism of smoke movement under sprinkler action and proposed an empirical formulation of the sprinkler model. Ingason et al. [3] conducted a large number of full-scale experiments to study the interaction between sprinkler and smoke exhaust systems under different fire environmental conditions by varying the fire growth and smoke exhaust methods. McGrattan et al. [4] conducted several full-scale experiments to explore the interaction of water sprinklers, smoke extraction, and other measures in similar large warehouses and plants in the event of fire, and refined their numerical calculation software FDS (Fire Dynamic Solution) based on the experimental results. Braun et al. [5] constructed diesel and polyethylene pellet fire experiments at different heat release powers to analyze and evaluate the effectiveness of smoke extraction systems by comparing the FDS numerical simulation results with the data obtained in four large shipboard fire tests. The results showed that the environmental parameters of the compartment corridor close to the fire source can be brought to survival conditions by isolating the fire compartment and adjacent space ventilation. According to the diversity of pool fires, Raj et al. [6], Tao et al. [7], and Leite et al. [8] studied the geometric and radiation characteristics of oil pool fires by varying the size, shape, and location of the oil pools.



For the completely closed cabin fire, Utiskul et al. [9] studied the heptane pool fire in a small-scale cabin, and found the influence of ventilation on the extinction and oxygen concentration. Pearson [10] studied the combustion phenomenon when the fire source was located in the upper part of the cabin. For the study of ship fires, Yoshida [11] conducted an experimental study of the smoke spread process in the ship pipeline, and measured the temperature, pressure, and smoke spread by varying the fire intensity, ventilation, and smoke exhaust conditions. White et al. [12] proposed a model of heat transfer in the adjacent cabin space that had undergone a fire in the ship cabin. Andersson and Säterborn [13] evaluated the capacity of air conditioning and smoke extraction systems on large passenger ships in different areas of the fire. Sprague et al. [14] discussed the assessment of ship fire safety level. Ndubizu et al. [15] discussed the fire and rescue of the garbage storage room on board. Rockett [16] evaluated the fire growth model and smoke and toxic gas spread model in the fire damage assessment system commonly used by the U.S. Navy.



In recent years, many scholars have carried out in-depth research on the fire extinguishing characteristics of water mist. The interaction between fine water mist and fire smoke were studied by Lee et al. [17], and whether a water mist with smaller particle sizes could effectively extinguish liquid pool fire was studied by Shrigondekar et al. [18]. The application of a water mist to pool fires was also studied by Jenft et al. [19]. They believed that water mist could quickly extinguish fires, and the suppression and extinguishing effects of water mist on pool fires were different in different periods. The effect of water mist on oil fires under ventilation conditions was analyzed by Lee [20], and the effectiveness of water mist under natural ventilation conditions was confirmed. The time distribution of water mist extinguishing a pool fire and its fire extinguishing mechanism in detail was explained and analyzed by Liang et al. [21]. The suppression effect of water mist on diesel jet fire and its influence on flow field were analyzed by Wang et al. [22]. Liang et al. [23] used a water mist to numerically simulate and experimentally study the interaction process of a small-scale spray flame, and the results confirmed the inhibitory effect of water mist on a spray fire. The fire extinguishing experiment and numerical simulation of a diesel spray fire and pool fire was studied by Yang et al. [24].



In the studies above-mentioned, the simple structured closed space model was used and the fire protection measures related to water mist were investigated. In this study, we considered not only the complex cabin environment of the cabin and the influence of the obstacle effect, but also the verification of the theoretical settlement model. Based on the fire dynamics simulator for cabin fire simulations under firefighting interventions, the temperature distribution pattern of cabin fire and the smoke diffusion characteristics under a firefighting system intervention were studied. The control variables method was used to study each important parameter of the firefighting equipment.




2. Basic Principle of FDS


FDS (Fire Dynamic Solution) is a commercial code developed by the National Institute of Standards and Technology (NIST) for dynamic fire simulation. The low Mach compressible flow in FDS can be described by the Navier–Stokes equations, which has been widely accepted in the field of fluid dynamics. The Navier–Stokes equations of compressible flow are as follows:



Equation of mass conservation:


    ∂ ρ   ∂ t   +   ∂ ρ  u j    ∂  x j    = 0 ,  



(1)







Momentum-conservation equation:


    ∂ ρ   ∂ t   +   ∂ ρ  u i   u j    ∂  x j    = ρ  f i  −   ∂ p   ∂  x i    +   ∂  τ  j i     ∂  x j    ,  



(2)







Energy-conservation equation:


    ∂ ρ h   ∂ t   +   ∂ ρ h  u j    ∂  x j    =   ∂ p   ∂ t   +  u j    ∂ p   ∂  x j    + ϕ −   ∂  q j    ∂  x j    +   q ˙  m  ,  



(3)







Gaseous state equation:


  p V = n R T ,  



(4)




where  ρ  is the gas density;    u j    the gas density;    f i    the volume force; p the pressure;    τ  ji     the shear stress;  h  the enthalpy;  ϕ  the dissipative function;    q j    the heat flux for transmission and radiation;     q ˙  m    the heat release rate per unit volume of fuel; n the number of gas molecules per unit volume; R a gas constant; and T is the temperature.



The mass conservation equation can also be written in the form of a composition equation:


    ∂ ρ  Y L    ∂ t   +   ∂  (  ρ  Y L   u j   )    ∂  x j    =  ∂  ∂  x j     (  ρ  D L    ∂  Y L    ∂  x j     )  +   m ˙  L  ,  



(5)




where    Y L    is the mass fraction of composition equation L;    D L    the diffusion coefficient;     m ˙  L    the formation rate or consumption rate in the unit volume.




3. Mathematical Model of Spray System


3.1. Triggering Formula for Water Mist Spray


The general water spray system in the fire dynamics simulator is triggered by temperature. The triggering formula of the spray model proposed by Heskestad and Bill [25] was adopted in this study.


    d  T L    d t   =      | u |      RTI    (   T G  −  T L   )  −  C  RTI    (   T L  -  T m   )  −    C 2    RTI   β  | u |  ,  



(6)




where  u  is the velocity vector of gas;    T L    the junction temperature;    T G    the temperature of the gas near the junction;    T m    the nozzle temperature (set as ambient temperature); β the volume fraction of water in steam; RTI the sensitivity of the detector; C the heat transfer loss factor through the equipment; and C2 is an empirical constant.




3.2. Distribution of Droplet Size in Water Spray


When water droplets are ejected from the nozzle, the original droplet size and velocity need to be determined in order to describe the trajectory line of the water droplets. The droplet size and distribution are determined by a random distribution function.



When the particle size of water mist is    d r  ≤  d m   , it can be described by a log-normal distribution:


  F  (   d r   )  =    ∫ 0   d r      1  σ  d r    2 π        exp  [  −   ln    (     d r   /   d m     )   2    2  σ 2     ]  d  d r  ,  



(7)




where    d m    is the average particle size of water mist and    d r    the actual size of the droplets ejected.



When the particle size of water mist is    d r  >  d m   , it can be described by the Rosin-Rammler distribution [26], the distribution function is:


  F  (   d r   )  = 1 − exp  [  − 0.693    (     d r     d m     )   γ   ]  ,  



(8)




where  γ  is obtained by experiment.



   d m    (the average particle size) of the water mist is a variable determined by the outlet diameter, working pressure, and geometric size of the nozzle. The following is the relational expression to determine the average particle size of water mist proposed by Yu et al. [27]:


     d m   D  ∝ W  e    − 1  / 3    ,  



(9)




where  D  is the nozzle outlet diameter and   W e   the Weber number. In the process of numerical simulation, not all droplets need to be simulated, but a part of the sample is extracted to simulate. Generally, as a default setting, each nozzle simulates 5000 droplets per second. The relationship between the flow rate and droplet diameter is:


   m ˙  δ t = C   ∑  i = 1  N    4 3    π  ρ w     (     d i   2   )   3  ,  



(10)




where   m ˙   is the mass flow rate of water leaving the nozzle,   δ t   the time step;  N  the number of droplets calculated at each time step;    d i    the particle size of each droplet per second; and  C  the calculation constant.





4. Verification of Theoretical Model


4.1. Engine Room Model


In this paper, the model of the cabin area including the main engine and related auxiliary equipment was established, and the numerical simulation of the cabin area fire under the intervention of water mist was carried out. The fire situation under different working conditions was simulated by varying the ventilation conditions and water spray device parameters (spray speed and the particle size of water mist).



In order to accurately simulate the fire spread, FDS was used to construct the fire scene model of the three compartments with the engine room in the middle. The dimensions L × W × H of the models were 16 m × 8 m × 10 m. The design parameters of the cabin are shown in Table 1. In order to analyze the influence of ventilation conditions on the smoke spread in the engine room under fire intervention, the thermocouple was arranged at the height of Z = 4 m in the engine room, and a cap with a free switch was set on the upper part of the engine room. The longitudinal and transverse sections of the cabin are shown in Figure 1 and Figure 2. The bilge curvature was neglected and the double bottom structure was also simplified in the model.




4.2. Theoretical Settlement Model


In order to study the fire spread characteristics of an engine room with different parameters of a spray system under different ventilation conditions. A comparative analysis was conducted by varying the velocity, the particle size of the water mist, and the ventilation conditions on the fire spread characteristics. The engine room of the ship falls into the definition of the serious danger level II site according to the classification of the fire hazard level of the site in accordance with the design specification of an automatic sprinkler system [27,28]. In order to ensure that the drooping spray equipment reaches the standard fire coating area, the square layout method is shown in Figure 3.



Because there is an interface between the upper layer of flue gas and the lower layer of the air thin layer (referred to as ‘thin layer’), where the flue gas temperature is the lowest and the temperature should be calculated when the temperature is more reasonable.



As shown in Figure 3b,   δ h   denotes the thickness of the thin layer where the relative size of the drag force and thermal buoyancy of the flue gas in the vertical direction is analyzed;   Δ h   is the settlement distance of the flue gas layer;   Δ H   is the maximum settlement distance of the flue gas layer;  H  is the initial thickness of the flue gas layer;    m p    is the mass of the droplets.



The average temperature    T g    in the thin layer is


   T g  = B (  T  u p p e r   −  T  l o w e r   ) +  T  l o w e r   ,  



(11)




where    T g    is the average flue gas temperature in the thin layer;    T  u p p e r     is the upper flue gas layer temperature;    T  l o w e r     is the temperature of the lower air layer;  B  is the temperature coefficient (with a range of 0.1~0.2).



The spray envelope formed by a single ordinary water spray nozzle is a semi-spinning cone with the nozzle as the apex. Since the pressure of the water mist nozzle is large and the thickness of the smoke layer is not more than 3 m, the spray envelope is conical. The spray cross-sectional area  H  below the nozzle is:


   S h  = π  H 2    tan  2  (  θ 2  ) ,  



(12)




where    S h    is the interface spray cross-sectional area and  θ  the spray angle.



In the thin layer of volume    S h  × δ h  , the spray intensity  F  per unit volume is:


  F =    ρ p   q ˙    60 ×   10  3   S h   V  p , h     =    ρ p  K   10 P     60 ×   10  3   S h   V  p , h     ,  



(13)




where    ρ p    is the density of water;   q ˙   the flow rate of water mist nozzle;  K  the flow coefficient of the nozzle;  P  the spray pressure; and    V  p , h     the vertical component of the droplet velocity.



At higher Reynolds numbers, the Stokes viscous resistance can be neglected, and the drag force of a single droplet on the flue gas is:


   f  d r a g   =  1 2   ρ g  C  A p  (  v p  −  v g  )  |   v p  −  v g   |  ,  



(14)




where    f  d r a g     is the drag force vector of a single droplet on the flue gas;    ρ g    the flue gas density;  C  the drag coefficient;    A p    the outer surface area of a single droplet;    v p    the velocity vector of droplets; and    v g    is the velocity vector of flue gas.



Before the instability phase during the intervening process, the vertical velocity can remain relatively stable and the sinking speed is slow. Therefore, the vertical velocity of the flue gas in the thin layer before the action of the water mist is neglected, and the vertical relative velocity of the droplets and the flue gas is expressed as the vertical component    V  p , h     of the droplet velocity. The total drag force of the smoke per unit volume in the thin layer is the sum of the drag force of all droplets on the smoke:


    f ′   d r a g   =  1 2  N  ρ g  C  A P   v  p , h  2  ,  



(15)




where     f ′   d r a g     is the drag force of unit volume flue gas in thin layer and  N  the number of droplets in the thin layer per unit volume.



The characteristic length in the Reynolds number corresponding to the droplets can be expressed by the size eigenvalue of the particle swarm—the Sauter mean diameter    D  32    . Because it was found in the experimental test [29] that the Sauter mean diameter was very close to the median diameter    D  v , 0.5     of the droplets, for the convenience of theoretical analysis and numerical calculation, the characteristic diameter of the water mist particle swarm was expressed as    D  v ,   0.5    , and the Reynolds number was:


  R  e D  =    v  p , h    D  v ,   0.5    ρ  p , h    μ  ,  



(16)




where  μ  is the kinematic viscosity coefficient of flue gas;    v  p , h     the velocity of the droplets; and    ρ  p , h     is the density of the droplets.



The drag coefficient satisfying a certain Reynolds number range is usually treated as a constant. In fact, the drag coefficient  C  in Equation (15) is a function of the Reynolds number and contains multiple undetermined variables. In this study, the Reynolds number range was 1~800, and the drag coefficient using the corresponding interval function is:


  C =  {    24 / R  e D      0 < R  e D  < 1     12.6 / R  e D  0.5       1 ≤ R  e D  < 800     0.47     800 ≤ R  e D      ,  



(17)







The kinematic viscosity coefficient v in Equation (16) is modified according to the thin layer temperature at    T 0  = 293 K  :


  v (  T g  ) =  C 1  v (  T 0  ) =  C 1  × 1.49 ×   10   − 5   ,  



(18)






   C 1  = 0.518    T g    293     (    T g    293   + 1.55 )   0.7   ,  



(19)




where    C 1    is the viscosity correction coefficient.



The shear stress applied to the droplets was very weak, and the droplets always remained spherical, so the mass of a single droplet was expressed as    m p  = 1 / 6  ρ p  π  D  v , 0.5  3   . In addition to the expression of the spray intensity of the water mist in the thin layer per unit volume in Equation (13), the spray intensity can also be expressed as   F =  m p  N  :


  F =  m p  N =    m p  K   10 P      D  v , 0.5  3   v  p , h      [  π h tan  (  θ / 2  )   ]   2    ×   10   − 4   ,  



(20)







The momentum (Equation (21)) of a single droplet is transformed into Equation (22). The water mist droplet diameter size is on the level of microns, which is infinitesimal and its effect can be neglected in the process of solving for the vertical velocity of droplets:


   m p    d  v  p , h     d t   =  m p  g −  1 2   ρ g  C  A p   v  p , h  2  ,  



(21)






     ∫ 0  (  h ′  − d )     1   m p       d h =    ∫   v 0     v  p , h       v   m p  g −  1 2   ρ g  C  A p   v  p , h  2       d v ,  



(22)






   v  p , h   =    {     m p  g   1 / 2  ρ g  C  A p    +  (   v 0 2  −    m p  g   1 / 2  ρ g  C  A p     )    ·   exp  [    −  ρ g  C  A p  H    m p     ]   }     1 2    ≈      m p  g   1 / 2  ρ g  C  A p      ,  



(23)




where    v 0    is the initial velocity of the droplets.



Combining Equations (11)–(23), Equation (15) can be rearranged as:


    f ′   d r a g   =   6.3 ×  ρ g  K   10 P   ×   10   − 4     π  D  v , 0.5     (  h ′  − d )  2    tan  2  ( θ / 2 )     ⋅       v g  ρ p    37.8  ρ g     3  ,  



(24)






    f ′   d r a g   =   6.3 ×  ρ g  K   10 P   ×   10   − 4     π  D  v , 0.5     (  h ′  − d )  2    tan  2  ( θ / 2 )     ⋅    (    v g  ρ p    37.8  ρ g     )     1 3     











The buoyancy value is related to temperature. Combined with the gas state equation, the buoyancy per unit volume of flue gas at    T g    temperature is:


    f ′  B  = (  ρ 0  −  ρ g  ) g =  ρ 0   (     T g  −  T 0     T g     )  g ,  



(25)




where     f ′  B    is the buoyancy force per unit volume of flue gas in the thin layer and    ρ 0    the air density.



The ratio of drag force to buoyancy L = 1.00 was used as the theoretical threshold to determine whether the flue gas was destabilized. The relationship between the dimensionless criterion reflecting the degree of instability of the flue gas layer and the parameters of the water mist spray and the flue gas layer is:


  L =     f ′   d r a g       f ′  B    =   6.3 ×  T 0  K   10 P   ×   10   − 4     π  D  v , 0.5   (  T g  −  T 0  )   (  h ′  − d )  2    tan  2  ( θ / 2 )     ·       v  ρ p    37.8  g 2   ρ g     3  ,  



(26)







  L < 1   means that the buoyancy force per unit volume of flue gas is sufficient to resist the drag force after the impact of the first jet on the flue gas layer. The viscous resistance caused by shear deformation of the flue gas can be neglected compared with the buoyancy and drag force, so the settled flue gas satisfies the momentum equation in the vertical direction:


   ρ g    d  v  g , h     d t   =  1 2  N  ρ g  C  A p   v  p , h  2  − (  ρ 0  −  ρ g  ) g ,  



(27)







After the first limit settlement of the flue gas, the vertical velocity of flue gas particles changes from relative rest to zero after acceleration and deceleration. Integrating of Equation (27) yields:


     ∫ 0 0    v  g , h      d  v  g , h   =    ∫ h   h ′  + Δ h     [    6.3 × K   10 P   ×   10   − 4     π  D  v , 0.5    h 2    tan  2  ( θ / 2 )       v g  ρ p    37.8  ρ g      −    T g  −  T 0     T 0    g  ]       d h ,  



(28)







The above equation can be solved for the settling distance value   Δ h   of flue gas:


  Δ h =  a  b H   − H ,  



(29)







In Equation (29),  a  and  b  are expressed as:


  a =   6.3 × K   10 P   ×   10   − 4     π  D  v , 0.5    h 2    tan  2  ( θ / 2 )       v g  ρ p    37.8  ρ g      ,  










  b =  (     T g  −  T 0     T 0     )  g ,  











According to the settlement model of Equation (29), the theoretical smoke settlement distance of fire under various spray parameters, as shown in Table 2, was calculated and compared with the value of simulation. As shown in Figure 4, the largest difference between the numerical results and the analytical results was less than 15%, which indicates a good agreement was obtained.





5. Numerical Simulation of the Cabin Fire under Fire Intervention


5.1. Temperature Distribution of Engine Room Fire after Sealing


Water mist parameters including the spray flow, the spray speed, and the particle size of the water mist are important factors affecting the fire extinguishing effect. First, the influence of spray speed on the fire extinguishing effect was studied by keeping the particle size of the water mist at about 100 microns and varying the spray speed of the water mist under the condition of sealing the hatch cover. The parameter settings of the nozzle are listed in Table 3.



The time history of the flue gas temperature in the engine room under closed hatch cover with different spray speeds is shown in Figure 5. It can be found that the temperature decreased rapidly when the spray equipment was involved at t = 120 s, and a short boil-over phenomenon occurred in the following few seconds (about 10 s), then the smoke layer temperature increased and fluctuated again for a period of time (about 50 s). The boil-over phenomenon refers to an oil fire in which a special critical combustion condition is formed after a long combustion time, which causes a sudden change in the combustion characteristics of oil products. A large number of oil products overflow and burn outward, forming a huge column of fire, showing a very violent disastrous combustion phenomenon and a rapid rise in temperature. Subsequently, the temperature of the upper flue gas layer drops sharply, and its rate of decrease gradually slows down. Due to the timely sealing operation by the crew, the fire extinguishing effect was better when the water mist spray speed was 20 m/s and 15 m/s. However, the fire extinguishing effect in the simulation was ineffective when the water mist spray speed was 5 m/s and 10 m/s. It is worth noting that the water mist spray speed of 10 m/s was better in the later stage of fire extinguishing.



The temperature slice map of the engine room under a closed hatch cover with different spray speeds is shown in Figure 6. It can be found that the smoke generated by the oil pool fire before t = 150 s gathered in the upper part of the engine room without spreading through the vertical vent between the cabins. Due to the intervention of spraying equipment, the curtain formed by the water mist spray can effectively inhibit the spread of smoke from an oil pool fire, and the water mist with a spraying speed of 20 m/s had an obvious inhibitory effect at t = 200 s. Due to the intensified interaction between water mist and the buoyancy of thermal plume, the flue gas in the engine room first spread to the adjacent cabin through the vertical vent after a while (about 100 s), and then affected the upper cabin through the vertical vent. The water mist with the spraying speed of 20 m/s effectively inhibited the spread of the oil pool fire in the engine room at t = 600 s. Due to the ventilation conditions of the upper cabin, the temperature was maintained at about 120 °C. The speed of the water mist spray was 5 m/s and 10 m/s, which cannot effectively cover the smoke spread range. It can be concluded that when the flow rate and the particle size of the water mist remained constant, the fire suppression effect was the best with the water mist spray speed of 20 m/s. In the range of the spray speed from 5 m/s to 20 m/s, the effect of decreasing the fire temperature was more significant when the spraying speed increased faster. The reason is that the water mist with a rising spray speed has more momentum, which is conducive to overcoming the flame thermal buoyancy and penetrating the thermal plume to cool effectively, and the increase in the water mist flux per unit area is more likely to destroy the balance of oil mist combustion. However, due to violent gas exchange and air disturbances, the smoke spread through vents to various compartments, but most of them were less affected.




5.2. Effect of Particle Size of Water Mist after Cabin Sealing on Cabin Fire Temperature


The influence of the water mist particle size on fire was further analyzed. A cabin fire was simulated for the case when the cabin cover is closed after timely operation, and the optimal spray speed was maintained at 20 m/s. The parameters of the nozzles were based on the “Code for Fire Protection in Building Design” (GB50016-2014) and “Code for Design of Automatic Sprinkler System” (GB50084-2001). The influence of the water mist particle size after cabin closure on the cabin fire temperature was studied by changing the particle size of the water mist. The parameter settings of the nozzle are listed in Table 4.



The time history of the flue gas temperature in the engine room under a closed engine room with different particle sizes of water mist is shown in Figure 7. It was found that when the spray equipment was involved in the engine room fire at t = 150 s, the temperature of the engine room decreased rapidly after the spray equipment with the involvement of a water mist particle size of 50 microns. Meanwhile, under the action of a water mist with a particle size of 50 microns, the peak temperature of the cabin temperature at t = 200 s reached about 180 °C, and then the temperature decreased slowly. The water mist could effectively inhibit the engine room oil pool fire. The fire extinguishing effect of the spray equipment with the particle sizes of 200 microns and 300 microns was the most obvious within 50 s after intervention, but the temperature slowed down after t = 200 s, and the water mist could not effectively reduce the flue gas temperature in the engine room. It can be seen that the water mist released with a particle size of over 100 microns could not directly act on the flame to extinguish the fire due to the obstacle effect. The larger particle size of the water mist quickly settled and was wasted, so it could not participate in the fire the extinguishing process, leading to the decrease in the fire extinguishing efficiency.



The temperature slice map of the engine room under a closed hatch cover with different particle sizes of the water mist is shown in Figure 8. It can be found that as the temperature of the flue gas layer above the engine room was effectively inhibited and increased at 150 s, the inhibition effect of a water mist particle size of 50 microns was the best. The temperature of the upper flue gas increased obviously, and the maximum temperature reached about 320 °C at 200 s. The interaction between the water mist and flue gas in the engine room intensified at 300 s, and then spread through the vent. The path of spread was from the engine room to the right cabin of the engine room and then to the upper deck cabins. The spray equipment with a water mist particle size of 50 microns had the lowest temperature in the engine room, but the right cabin of the engine room was greatly affected by smoke at t = 600 s. The influence of flame radiation was neglected when the spray equipment with a water mist particle size of 300 microns was involved, and the upper deck cabin was most affected by the smoke due to the limitation of the ventilation conditions.



It can be concluded that the spray devices maintained the same flow rate and spray speed, and then changed the particle size of the water mist. When the particle size of the water mist is reduced, it means a larger relative surface area, which will make the upward thermal buoyancy driving effect more obvious. Meanwhile, it is easier to disperse and is sucked into the surface of the spray flame and it will take more heat to achieve the cooling effect on the flame. At the same time, the smaller particle size of the water mist can effectively force the deposition of smoke particles and inhibit the harm of smoke to the ship personnel.



In order to further analyze the water mist fire extinguishing process, it is necessary to understand the interaction between smoke particles and water mist. The interaction process between smoke particles and water mist with a particle size of 50 microns is shown in Figure 9. It can be found that in the fire extinguishing process, the water mist particles have good dispersion in the cabin and are greatly affected by the thermal buoyancy of the smoke, which can effectively reduce the temperature of the smoke layer in the upper cabin. A large amount of water mist directly accumulated in the lower space of the engine room after t = 400 s, and the water mist particles overcame the thermal buoyancy effect to break through the smoke layer, thereby reducing the oxygen concentration near the flame, significantly inhibiting the spread of the oil pool fire under the engine room and achieving the effect of rapid fire suppression.




5.3. Comparative Analysis of Engine Room Fire Temperature Distribution under Different Ventilation Conditions


Taking into account the influence of ventilation conditions on the efficiency of water mist fire extinguishing, the ventilation conditions were set to the three most common hatch cover states: (a) the timely hatch cover sealing operation in the event of fire; (b) when a fire occurs, the cabin is not sealed in time, and the hatch cover is at 15° (the projected area is used as the area of the enclosed cabin cover); (c) the hatch cover is completely open, as shown in Figure 10. In the simulated cabin fire conditions under the action of spray, the spray scheme with a spray speed of 20 m/s and water mist particle size of 50 microns can obtain the optimal spray fire extinguishing effect. The parameter settings of the nozzle are listed in Table 5.



The temperature slices of the engine room under different ventilation conditions are shown in Figure 11. It can be seen that the smoke rapidly spread to the upper deck cabin when the hatch cover was completely open at t = 120 s. Subsequently, the water mist intervened in the fire process. When the hatch cover was completely open at t = 200 s, the rising process of the flame was in a whirlpool state. However, the large amount of smoke generating under the condition of cap closure was suppressed in the upper space of the cabin due to the limitation of the ventilation conditions. When the hatch cover was opened by 15°, part of the oxygen escaped to the upper cabin with the interaction of the water mist and flue gas at t = 400 s, leading to the fire spread. Due to the thermal buoyancy of the flame and air convection, the flue gas gradually diffused to other cabins at t = 600 s. The upper deck cabin under the closed hatch cover was basically filled with smoke. The main reasons for the instability of the flue gas layer are: (1) the vertical drag force exerted by the water mist with initial momentum makes the flue gas move downward and (2) the water mist absorbs the heat of the flue gas and causes the temperature of the flue gas to decrease, resulting in a decrease in the buoyancy of the flue gas.



The diagram of the maximum temperature distribution of the engine room under different ventilation conditions is shown in Figure 12. It can be found that when the spray equipment is involved in a pool fire, the flashover phenomenon will occur when the ventilation area reaches a certain value, resulting in a second sharp rise in temperature. It can be concluded that the oxygen asphyxiation has an obvious effect on extinguishing oil fires, and it is necessary to seal the hatch cover first when a cabin fire occurs. The closed hatch cover forces the smoke to gather in the cabin, and the water mist can squeeze and isolate the oxygen around the flame. At the same time, the closed hatch cover separates the combustion medium, so the fire extinguishing efficiency of the spray equipment is most effective. However, due to increased gas exchange and air disturbance, the smoke spread through vents to various compartments.





6. Conclusions


In this paper, the fire extinguishing situation of the spray equipment for the rapid suppression of a pool fire in an engine room under different ventilation conditions was studied, and the influence of the particle size of the water mist was further analyzed. Based on the results and analysis, the following conclusions can be made:




	(1)

	
Due to the limitation of spray flow on ships, when the spray speed under the same ventilation conditions is higher, the contact area between the water mist and thermal plume will be larger, which is more effective in the absorption of heat, and the pool fire is more likely to be extinguished. When the hatch cover is closed, it is appropriate to choose a nozzle with a flow rate of 16 L/min and spray speed of 20 m/s to extinguish the fire caused by diesel combustion in a marine engine room.




	(2)

	
The oxygen suffocation caused by the rapid spraying of a large number of water mist in a closed space has a significant effect on the extinguishing of oil pool fires. When a fire occurs in the engine room, it is necessary to seal the cabin first and use a water mist under such a closed cabin space to achieve rapid fire extinguishing. However, when the hatch cover is open and the hatch cover is kept at 15°, the fire extinguishing efficiency of the water mist is greatly reduced, and sprinklers with spray speeds of 5 m/s and 10 m/s will be accompanied by a boil-over phenomenon, which will lead to a rise in the temperature and a reduction in the fire extinguishing efficiency. When the spray equipment is involved in a pool fire, flashover will occur when the ventilation area reaches a certain value, resulting in a second sharp rise in temperature.




	(3)

	
Under the premise of a constant spray flow rate and spray speed, a water mist with a smaller particle size will lead to a larger relative surface area, and the upward thermal buoyancy driving effect is obvious. The water mist is easier to disperse and suck into the surface of the spray flame, thus realizing the cooling effect of the flame. When the spray speed was 15 m/s, the fire extinguishing efficiency was the highest when the particle size was 50 microns. However, when the particle size was greater than or equal to 100 microns, due to the fact that the pool fire was hidden under the oil pipeline, the fire extinguishing effect was obviously deteriorated and even reached the fire extinguishing failure state due to the decrease in the water mist flux, mainly relying on the flame entrainment and dispersion to the flame surface.
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Figure 1. The arrangement diagram of the engine room cabin. 






Figure 1. The arrangement diagram of the engine room cabin.
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Figure 2. Engine room model equipped with the fire extinguishing equipment of water mist. (a) Longitudinal section. (b) Transverse section. (blue circle: Sprinklers, yellow circle: Thermocouple). 
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Figure 3. Schematic diagram of the water mist interacting with the smoke layer. (blue lines are fine water mist paths). 
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Figure 4. Comparison of the calculated values of the subsidence model and simulated values. 
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Figure 5. Time histories of the flue gas temperature in the engine room under a closed hatch cover with different spray speeds. 
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Figure 6. Temperature slice map of the engine room under a closed hatch cover with different spray speeds (color bar unit: °C). 
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Figure 7. Time history of the flue gas temperature in the engine room under a closed engine room with different particle sizes of the water mist. 
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Figure 8. Temperature slice map of the engine room under a closed hatch cover with different particle sizes of the water mist (color bar unit: °C). 
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Figure 9. The interaction process of the flue gas particles and water mist particle size of 50 microns. 
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Figure 10. Schematic diagram of the hatch cover. 
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Figure 11. Temperature section under different ventilation conditions. 
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Figure 12. The maximum temperature of the engine room under different ventilation conditions. 
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Table 1. Parameters of the cabin used in the analysis.






Table 1. Parameters of the cabin used in the analysis.





	The Parameter Name
	Numerical Value





	Deck materials
	Q235 (8 mm)



	The wall material
	Q235 (8 mm)



	Atmospheric pressure
	101,325 Pa (1 atm)



	The outside temperature
	20 °C



	Humidity
	50%



	Lower limit of oxygen mass fraction
	15%
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Table 2. Parameters of the case.
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	 v   = 5   m / s ,    D  v , 0.5       = 50   μ m ,   P   = 2 MPa



	 v   = 10   m / s ,    D  v , 0.5       = 50   μ m ,   P   = 2.5 MPa



	 v   = 15   m / s ,    D  v , 0.5       = 50   μ m ,   P   = 3 MPa



	 v   = 20   m / s ,    D  v , 0.5       = 50   μ m ,   P   = 3.5 MPa



	 v   = 20   m / s ,    D  v , 0.5       = 50   μ m ,   P   = 3.5 MPa



	 v   = 20   m / s ,    D  v , 0.5       = 100   μ m ,   P   = 3.5 MPa



	 v   = 20   m / s ,    D  v , 0.5      = 200   μ m ,   P   = 3.5 MPa



	 v   = 20   m / s ,    D  v , 0.5       = 300   μ m ,   P   = 3.5 MPa
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Table 3. The parameters of the nozzles used in the analysis.
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	Parameter
	Value





	Spray flow
	16 L/min



	working pressure
	2 MPa



	Number of droplets per second
	5000



	Particle size of fine water mist
	100 microns



	Activation temperature of nozzle
	74 °C



	Minimum spray angle
	0°



	Maximum spray angle
	60°
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Table 4. The parameters of the nozzles used in the analysis.
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	Parameter
	Value





	Spray flow
	16 L/min



	Working pressure
	2 MPa



	Number of droplets per second
	5000



	Spray speed
	20 m/s



	Activation temperature of nozzle
	74 °C



	Minimum spray angle
	0°



	Maximum spray angle
	60°
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Table 5. Parameters of the nozzles used in the analysis.






Table 5. Parameters of the nozzles used in the analysis.





	Parameter
	Value





	Spray flow
	16 L/min



	Working pressure
	2 MPa



	Number of droplets per second
	5000



	Spray speed
	20 m/s



	Activation temperature of nozzle
	74 °C



	Minimum spray angle
	0°



	Maximum spray angle
	60°



	Particle size of fine water mist
	50 microns
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