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Abstract

:

The accidental spillage of flammable liquids on in-service ships and offshore installations may lead to pool fires, which are likely to spread over a particularly large area in large compartments under ship motion, resulting in extensive damage. However, the effect of the spreading extent of liquid fuel due to inclined ship motion on pool fire consequences has not been considered in the existing literature. Thus, in this study, fuel discharge experiments were conducted to investigate the spreading behaviour under different substrate inclination angles and discharge rates. The experimental results were analysed to derive closed-form expressions to predict the spreading extent of liquid fuel in large compartments. Additionally, the effects of surface inclination on fire consequences were investigated using the Fire Dynamics Simulator in terms of the heat release rate. The findings can provide guidance for effective fire safety design and establishing a realistic fire modelling methodology for ships and offshore installations.
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1. Introduction


Despite advancements in technology, pool fire accidents still occur and cause substantial personnel harm and asset damage [1]. Operational ships and offshore installations are particularly prone to fuel spillage owing to several factors, such as equipment ageing and human error. As ships and offshore installations have numerous ignition sources, including hot surfaces and electric devices, there is the potential for pool fires to occur. Spillages that occur on ships and offshore installations under motion may form larger pools than in onshore events. As the heat release rate (HRR) of pool fires depends on the fire surface area, the fire consequences are expected to increase with the spreading extent of the spilled pool. Moreover, structural members that are not subjected to thermal loads under uninclined conditions may be affected under inclined conditions owing to the increased pool dimensions. In large compartments, which can be found in roll-on/roll-off (ro-ro) ships and aircraft carriers, fuel spillage accidents are more likely to result in increased pool spreading, as shown in Figure 1. Small compartments limit the spreading extent of spilled fuel, and for extreme cases, it can be assumed that the pool covers the whole compartment. However, this assumption would be inaccurate for large compartments, as the pool is unlikely to cover the whole compartment.



The current Safety of Life at Sea (SOLAS) rules concerning the fire safety of ro-ro spaces address a wide range of functional requirements on subjects such as fire protection systems, ignition sources, and ventilation. However, the effects of deck inclination on pool fires and the related safety measures are not addressed [2]. As the basic design of firefighting systems in large compartments is based on the existing SOLAS rules for ro-ro ships, current measures may not be applicable to pool fires under inclined conditions. Therefore, the effects of substrate inclination on fire consequences need to be understood to enable correct assumptions for the fire design of ships and offshore installations.



Methods for determining fire loads on ships and offshore structures have been actively investigated [3,4,5,6,7], along with the responses of structures exposed to fire loads [8,9,10] and efficient fire suppression system design principles [11]. Additionally, although large spaces have been studied [12,13,14], previous studies did not consider pool spread characteristics under ship motion. As the fuel spread behaviour may be strongly affected by ship motion, and pool fire characteristics depend considerably on the pool shape and size [15,16,17], the fire consequences under ship motion cannot be accurately determined using the existing methods.



In contrast, the characteristics of onshore spillages have been extensively investigated. The spilled pool area on substrates without inclination can be predicted using the kinematic viscosity and fuel spill rate [18,19]. Simmons et al. [20] investigated fuel spillages on inclined pavements. However, these authors did not establish formulae for predicting the spill shape and focused only on instantaneous spillages. Ingason and Li [21] experimentally investigated spillages inside tunnels and found that the pool breadth was dependent only on the spill rate, and the inclination angle of the substrate could be assumed to have no effect. Their findings were subsequently verified [22]. However, the suggested formulae are not applicable to large compartments, as the studies focused on spaces with limited road width. Abbasi et al. [23] investigated the spilled pool area and velocity characteristics of flammable fuel spilled on inclined porous substrates. Additionally, the spread and evaporation behaviour of liquefied natural gas (LNG) have been explored [24,25]. Raja et al. [26] comprehensively reviewed relevant methods for predicting fuel spillage behaviour. Moreover, the pool fire characteristics on inclined surfaces have been experimentally investigated [27,28]. Table 1 summarises the above studies relevant to the present study on spillage characteristics. The studies mentioned above have limited applicability to in-service ships and offshore installations, as they did not consider the spreading behaviour of spilled fuel on inclined, impermeable substrates.



Consequently, this study sought to experimentally characterise fuel spillages on ships or offshore installations in motion, which has not been considered in prior work, and a novel method for fire consequence analysis considering ship motion was proposed. Fuel spread extent was experimentally examined for 21 scenarios corresponding to different inclination angles and discharge rates. Empirical formulae for spill shape estimation were formulated based on the results. Furthermore, the effect of substrate inclination on pool fire consequences was numerically investigated using the large-eddy simulation code Fire Dynamics Simulator (FDS).




2. Research Procedure for Fire Consequence Analysis Considering the Spreading Extent of Spilled Flammable Liquid in Inclined Conditions


The procedure for analysing the effects of spilled liquid fuel on structures in large compartments under motion is illustrated in Figure 2. This procedure can be divided into four phases. In Phase I, the pool fire scenario is defined by determining the condition under which the spillage occurs. In Phase II, the pool shape, which represents the outline of the spilled flammable liquid spreading extent, is predicted based on the conditions defined in the previous phase. For scenarios where the ship or offshore installation is subjected to motion and the spillage occurs in a large compartment that extends to a substantial length of a ship or offshore installation (e.g., ro-ro space, hanger deck, etc.), the proposed method which considers substrate inclination is used. Otherwise, existing methods which do not consider the inclination of large compartments can be used. In Phase III, fire consequence analysis is conducted through pool fire analyses and structural response analyses.



The pool fire analyses are conducted based on the defined scenario and predicted pool shape determined in the previous phases. Consequences such as temperature and heat flux are obtained which define the loading conditions of the structural response analysis. Based on such conditions, structural responses such as stress and deformation can be attained. This procedure is expected to yield more accurate results than previously reported procedures. The current study focuses on developing empirical formulae for predicting the pool shape of spilled fuel on inclined substrates. Each phase of the procedure is detailed below.



2.1. Pool Fire Scenario Definition


The conditions under which fuel spillages occur are determined by defining metocean- and operation-related parameters. Metocean-related parameters include sea state, wind direction, and wind speed. Sea state affects the motion of ships and offshore installations and is a major consideration in the design phase. The wind condition significantly influences fire behaviour and thus needs to be defined. The metocean-related parameters can be determined utilising available data for the route through which or the site in which the target structure is operational. Alternatively, they can be measured at the location of interest.



Operation-related parameters include the fire type, spilled fuel type, spill rate, spillage duration, spillage location, and substrate type. Various fire types which occur on ships and offshore installations, such as pool fires and jet fires, pose different kinds of hazards, and thus clarifying the fire type to be analysed is essential. Spilled fuel, spill rate, spillage duration, and substrate type can be determined by considering the design purpose and apparatus of the target structure. Spillage location should be considered in structural response analyses under thermal loads, as the magnitude of the thermal load acting on the structure may differ substantially by location.



The motion of ships and offshore installations induces substrate angles that vary over time. However, in this study, the inclination angle of the substrate was assumed to be constant to consider the most critical spillage scenario and analyse the spillage in a conservative manner. This assumption enabled the consideration of the maximum spreading extent of spilled fuel, as variation in the substrate angle may prevent the fuel from spreading as widely as it would under a constant substrate inclination angle. Furthermore, as this study aimed to characterise fuel spillage on inclined, impermeable substrates, only pool fires and spillages occurring in a sufficiently large compartment that does not physically confine the spilled fuel were considered. Moreover, the wind conditions were assumed to be calm.




2.2. Pool Shape Prediction


In this phase, the pool shape is predicted considering the conditions defined in the previous phase. Spillages that occur on a structure under motion inside a large compartment have a high probability of causing a large-scale pool fire. Thus, the spreading extent should be determined using the proposed method. In these cases, the pool shape can be determined by means of four methods: computational fluid dynamics (CFD) simulations, experiments, empirical formula-based calculations, and analytical equation-based calculations. CFD software capable of providing detailed spread properties of the pool has the advantage of yielding fairly accurate results for numerous scenarios. However, this approach requires considerable computing resources and knowledge. Appropriately set-up experiments yield realistic data but may be limited by resources and time. Empirical formula-based estimations are time-saving and reasonably accurate.



This approach is suitable for diverse scenarios, and formulae developed using a large amount of data for various conditions are generally more accurate. Analytical equations, on the other hand, describe the spillage and spread phenomenon analytically based on the principles of physics. Existing methods may be suitable for predicting the pool shapes of spillage scenarios which do not satisfy the two application conditions. The pool dimensions are evaluated using models that assume that the substrates are not inclined or that the pool spreads over the entire compartment.



The defined pool fire scenario satisfies both application conditions. In the present study, the spill shape was predicted using experiments and empirical formulae. Flammable liquid was discharged on an impermeable surface, and the spill shape was experimentally characterised under different substrate inclination angles and fuel discharge rates. Empirical formulae were developed using the experimental results.




2.3. Pool Shape Prediction


To analyse the effects of pool fire on the structure of interest, parameters such as the HRR, heat flux, and temperature are required. These parameters can be obtained analytically by solving existing governing equations, CFD simulation, or experimental studies. These approaches have their strengths and weaknesses, as described above.



Given this study’s focus on a specific scenario, existing analytical methods are likely to yield inaccurate results. Additionally, given the numerous fire scenarios that should be considered, the experimental approach is not ideal owing to resource and time limitations. Therefore, the approach utilising CFD simulations was selected. The large-eddy simulation code Fire Dynamics Simulator (FDS) was used for the pool fire simulations. The parameters describing pool fires and the predicted pool shape were modelled.




2.4. Structural Response Analysis


The purpose of structural response analyses is to investigate the action effects of structures under fire loads, including changes in material characteristics, physical deformation, etc. By analysing the response to fire accidents, the effects on humans and the environment can be investigated in terms of amount of damage up to limit state and safety criteria of structures. Therefore, fire consequences, such as temperature and heat flux which are derived through fire analyses, are utilised to quantitatively assess the magnitude of the structural response under fire loads and establish design guidelines of fire-resistance of structures.





3. Prediction of the Pool Shape


3.1. Fuel Discharge Experiment Considering Inclination Effects


In our experiment, JP-5, a type of fuel used in the jet engines of aircraft on naval ships and as ship fuel, was discharged onto a nonporous surface at various substrate inclination angles and fuel discharge rates.



3.1.1. Experimental Setup


Figure 3 illustrates the experimental setup. The experiment was conducted indoors where the discharged fuel was not affected by wind conditions. A mild steel (SS400) plate with a length and breadth of 6.0 m and 0.8 m, respectively, was selected as the substrate. One end of the plate was attached to a 30-ton overhead crane, so that the inclination angle of the plate could be adjusted through the control of the crane height. A digital inclinometer was used to measure the inclination angle. The angle of the steel plate needed to be set carefully in both the length and breadth directions to keep the pool inside the boundaries of the plate. Because the substrate inclination angle was assumed to remain constant, the inclination angle of the plate was fixed in each experimental scenario. JP-5 was discharged using a peristaltic pump (WT600-3J), which controlled the discharge rate.



The material properties of JP-5 are summarised in Table 2 [20,29,30]. The contact angle represents the angle between the substrate and liquid surface of JP-5. The heat of combustion is the heat released when a unit quantity is oxidised completely, and the mass burning rate represents the mass loss rate caused by fuel combustion. kβ is an empirical constant. As the fuel spill rate considerably affects the spreading behaviour, several discharge rates were examined, and every experimental scenario was conducted twice to account for reproducibility of the experiment.



The pump was calibrated prior to the experiment to discharge the fuel at the intended rates. The outlet of the pipe connected to the pump was positioned near one of the shorter edges of the plate. This configuration allowed the discharged fuel to flow parallel to the longer edge of the inclined substrate. The discharge duration was 30 s, and after each experiment the steel plate was cleaned using oil-absorbent wool and compressed air. To ensure that no fuel remained on the plate, a 10 min break was observed between experiments. The spill shape was recorded using a camera positioned atop the steel plate.



Table 3 summarises the experimental conditions. Temperature and humidity measurements are tabulated for each scenario. Twenty-one scenarios with different inclination angles (1–10°) and discharge rates (200–400 mL/min) were examined. The inclination angles were determined to emulate certain sea state conditions under which the target structure is subjected. Table 4 [31] provides roll angles for conventional surface ships with varying beams under different sea state conditions. In this study, the sea states up to sea state four were considered. The examined fuel discharge rates of 200–400 mL/min were determined based on the breadth of the steel plate, as for larger discharge rates, the pool tended to reach the long edges of the plate.




3.1.2. Experimental Results


To correctly assess the fire-affected area in large compartments under motion, defining the spreading extent of the spilled fuel is vital. The spreading extent can be quantitatively represented in terms of the distance, direction, and area of the spilled pool. The pool length and breadth determine the direction and distance in which the spilled pool spreads. The pool length was defined as the spreading distance of the pool along the inclination direction of the substrate, while the breadth is defined as the maximum distance perpendicular to the pool length. The area represents the surface area of the spilled pool, which affects the HRR of pool fires. The pool shape definitions above have been widely adopted in the literature [21,22].



Figure 4a shows the pool shape with an inclination angle of 3° and discharge rate of 300 mL/min. The discharged fuel flowed from the left to the right of the figure due to the inclination of the steel plate. The pool dimensions are not easily discernible in the original form and thus were processed as shown in Figure 4b.



Figure 5 shows the outlines of the experimentally measured pools 30 s after the start of fuel discharge for each experiment. The pool spread from left to right, with the fuel discharge point as the origin. Figure 5a displays the outline of the spilled pool on a 1°-inclined substrate. Higher discharge rates resulted in a larger pool length, breadth, and area. The maximum pool length and breadth were 691.7 mm and 351.4 mm, respectively. Figure 5b shows the pool shapes on the 5°-inclined substrate. For each discharge rate, the pool lengths were longer and the breadths shorter than those of the 1° inclination case (see Figure 5a). Figure 5c shows the pool outlines for the 10°-inclined substrate. Similarly, higher discharge rates resulted in larger pools in terms of length, breadth, and area. Furthermore, longer pool lengths and shorter breadths were measured compared with the cases with lower inclination angles.



The parameters defining the spill shape were tracked with respect to dimensionless time, calculated as the ratio of the time at which the parameters were measured tm (i.e., the duration from the start of the discharge to the moment at which the parameter was measured) to the total discharge duration td, which was 30 s for all experiments. To obtain the pool shape variation trend over time, the parameters were measured at nine time points with equal intervals.



Figure 6a displays the pool length with respect to dimensionless time. In the left part of the figure, experimental measurements of the pool length for lower substrate inclination angles are shown, whereas the measurements for higher inclination angles is shown on the right side. The length was proportional to both the discharge rate and inclination angle, with the inclination angle exerting a stronger influence. Furthermore, the measured pool lengths increased almost linearly with respect to time for every experimental case. Figure 6b shows the breadth of the spilled pool as a function of dimensionless time. The breadth was proportional to the discharge rate while inversely proportional to the inclination angle.



Moreover, the breadth increases rapidly at the start of the experiments, with the rate of change decreasing over time. A clear relationship between the inclination angle, discharge rate, and the measured pool breadth, as seen in Figure 6a, was not found. Figure 6c presents the experimentally measured spilled pool area as a function of dimensionless time. The area increased almost linearly with time for each scenario. Moreover, the area was proportional to the inclination angle and discharge rate, with the discharge rate having a stronger effect.
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Figure 6. Experimentally measured pool dimensions: (a) length, (b) breadth, (c) area. 
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Figure 7 illustrates the effects of the inclination angle and discharge rate on the pool shape using the experimental measurements at       t   m    /    t   d     = 1.00  . Figure 7a,b show the influence of the substrate inclination angle and discharge rate on the pool length, respectively. Near-linear relationships between the pool length and both the inclination angle and discharge rate was found. Furthermore, as already seen in Figure 6, the pool length was more affected by the inclination angle. Similarly, the pool breadth is plotted in Figure 7c,d. The breadth decreases with larger inclination angle and increases for higher discharge rates, except for the inclination angle of 7°. It is thought that the condition of the surface affected the measurements. Furthermore, the experimental results were inconsistent with the findings of Ingason and Li [21], in that in this study, the pool breadth was dependent on the discharge rate and the inclination angle. This inconsistency is due to the fundamental difference in the experimental setups. Ingason and Li [21] investigated the spilled pool shape in narrow tunnels, where the spilled fuel was spilled until it reached drainage gutters at the roadside. In contrast, the present study considered large compartments which do not physically confine the spilled pool, and the pool breadth was measured as it spread. The difference in the pool breadth definition caused disagreement between the results. Figure 7e,f show the relationship between the pool area, inclination angle, and discharge rate. The pool area increased in a predictable manner until the 4°-inclined cases, with the cases under larger inclination angles displaying a lower increment in area. Furthermore, higher discharge rates resulted in larger pool areas, and with a few exceptions higher inclination angles resulted in larger areas, regardless of the discharge rate.



The experimental measurements of each case are summarised in Table 5, with only one of the repetitions displayed. The length, breadth, and area of the spilled pool are tabulated for the dimensionless times of 0.50 and 1.00. As emphasised above, higher discharge rates resulted in a larger pool length, breadth, and area. Moreover, the pool length and area were larger at greater inclination angles.



The spreading behaviour of JP-5 was experimentally characterised through fuel discharge experiments on an inclined steel plate. The experimental parameters were determined considering the limitations of the testing laboratory capacity. The breadth of the steel plate limited the range of the fuel discharge rate that could be examined. However, even within this limited test condition, the pool length, breadth, and area exhibited clear trends under different discharge conditions. In future work, experiments must be conducted using additional substrate inclinations and fuel discharge rates to improve the applicability of the proposed formulae. Furthermore, the effects of the material properties of various flammable liquids, such as the liquid viscosity, density, and surface tension, as well as the friction of the metal plate, under various substrate conditions must be explored.



The pool length, breadth, and area can be predicted through the substitution of the inclination angle, spill rate, and duration of spillage accidents into the empirical formulae, rendering them valuable and reliable inputs for fire simulation. Therefore, the experimental results are expected to be useful in the early fire safety design stages.





3.2. Empirical Formulae Predicting the Spreading Extent of Spilled Pools on Inclined Surfaces


Empirical formulae for predicting the pool shape that forms upon the spillage of JP-5 on an inclined steel plate were developed based on the experimental results. The pool shape was predicted under different inclination angles, spill rates, and spillage duration. To derive the formulae for predicting these variables, the effect of each variable on the pool shape was evaluated. The correlation between the pool length, substrate inclination, and discharge rate is shown in Figure 7. This relationship was used to formulate the effects of the substrate inclination and discharge rate on the pool length for each time interval, which can be found in Figure 6. Three coefficients,     X   1    ,     X   2    , and     X   3    , were derived using the experimental results.     X   1     and     X   2     represent the coefficients of the inclination angle and spill rate terms, respectively.     X   3     represents the effect of time without the influence of the inclination angle and spill rate. These coefficients were fitted with respect to the spillage duration.



The length   L   (m), breadth   B   (m), and area   A   (m2) of the spilled pool can be empirically predicted using the inclination angle   θ   (°), spill rate     V  ˙    (mL/min), and spillage duration   t   (s):


  L   θ ,   V  ˙  , t   =   X   1   θ +   X   2     V  ˙  +   X   3    



(1)




where     X   1   = 8.557 t ,       X   2   = 0.0914 t ,       X   3   = − 10.48 t .  


  B   θ ,   V  ˙  , t   =   Y   1   θ +   Y   2     V  ˙  +   Y   3    



(2)




where     Y   1   = − 0.4110 t ,       Y   2   = − 0.4184   e   − 0.1569 t   + 0.4133 ,       Y   3   = 6.183 t .  


  A   θ ,   V  ˙  , t   =   Z   1   θ +   Z   2     V  ˙  +   Z   3    



(3)




where     Z   1   = 634.0 t ,       Z   2   = 24.79 t ,       Z   3   = − 2576 t  .



The HRR of a pool fire can be predicted using an equation which correlates the HRR with the pool dimensions, thermochemical constants, and empirical constants of liquid fuels [30]. The formula for pool area prediction is substituted into this equation to estimate the HRR on inclined surfaces with improved accuracy. The following equation is the proposed equation for HRR prediction for inclined conditions:


    q  ˙  = Δ   h   c       m  ˙    ∞   ″     1 −   e   − k β D     ×     Z   1   θ +   Z   2     V  ˙  +   Z   3      



(4)




where     q  ˙   ,   Δ   h   c    ,       m  ˙    ∞   ″    ,   k β  ,   D  , and   A   represent the HRR, heat of combustion, mass burning rate per unit area, the product of the extinction absorption coefficient   k   and the beam-length corrector   β  , equivalent pool diameter, and surface area of the pool fire, respectively.



The range of the substrate inclination angle and discharge rate at which the formulae can be reliably used is limited by the experimental scenarios, as the formulae above were developed based on the experimental results.



The pool lengths obtained using the proposed empirical formula were compared with the experimentally measured data in Figure 8a. The predicted and measured values at the final state (      t   m    /    t   d     = 1  ) are shown. As no study listed in Table 1 predicted the pool length and breadth as defined in this study, no inter-study comparisons are provided. The pool length predicted using the proposed formula agreed well with the experimental values, and the maximum error was within 10% when excluding predictions with low area values. The mean and coefficient of variance (COV) were 1.048 and 0.140, respectively. This result was expected, as the proposed formulae were developed using the experimental results.



Figure 8b compares the predicted and experimentally measured pool breadths. The predicted values were obtained using the proposed formula. The accuracy of the proposed formula in predicting the breadth was relatively low compared with the results shown in Figure 8a, attributable to the nonlinearity of the pool breadth with time displayed in Figure 6b.



Figure 8c compares the experimentally measured pool area with those predicted by the proposed formula and a previously reported model [18]. The corresponding mean and COV indicate that the values predicted by the proposed formula agreed well with the measured data, regardless of the pool area magnitude. However, the predictions of the model proposed by Grimaz et al. [18] yielded relatively large errors. This was expected because the model was designed for spillages on substrates without inclination, which is evident, as the predicted values for different substrate inclinations were identical. Nevertheless, the predictions revealed a certain trend.



The assumption regarding the motion of ships and offshore installations influenced the applicability of the proposed formulae. Decks of actual ships or offshore installations are characterised by six-DOF motion (roll, pitch, and yaw for rotational axes and surge, sway, and heave for translational axes). However, the motion of decks was represented by a constant substrate angle. Although the pool shape of actual spillages may differ from the shape predicted by the proposed formulae, the assumption of a constant substrate angle yielded more conservative scenarios. Therefore, the proposed method is expected to be useful in the early design stages of relevant ships.
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Figure 8. Comparison of the experimental data and pool dimensions predicted by empirical formulae: (a) length, (b) breadth, (c) area, Grimaz et al. [18]. 
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4. Fire Consequences of Pool Fires on Inclined Substrates


Differences in fire consequences of the pool fires on substrates with and without inclination were investigated in terms of HRR, heat flux, and temperature. Representative pool fires of the two substrate conditions were simulated using the large-eddy simulation code FDS [32]. The computational model was validated by comparing the model predictions with experimental measurements.



4.1. Computational Model Validation


The HRR of the pool fire and mesh resolution of the control volume, among other parameters, need to be defined adequately to ensure a certain degree of accuracy of the model. The HRR for the computational model can be calculated using the proposed formula for HRR prediction on inclined surfaces (Equation (4)). The material properties of JP-5 shown in Table 2 were used for the calculation.



The mesh resolution of the computational model was determined using the plume resolution index       D   *    /  δ x    , where     D   *     denotes the characteristic fire diameter and   δ x   represents the nominal mesh size. The characteristic fire diameter is defined in Equation (5). The recommended plume resolution for liquid pool fires ranges from 4 to 16 [33].


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



(5)




where     q  ˙   ,     ρ   ∞    ,     c   p    ,     T   ∞    , and   g   represent the HRR, air density, air specific heat, ambient temperature, and gravitational acceleration, respectively. The severity and duration of the fire were controlled using the RAMP function.



To confirm the validity of the computational model, heat flux and heat dose predictions based on this model were compared with experimental measurements. An indoor pool fire experiment was conducted in a 12 m × 10 m × 12 m room, where JP-5 was ignited in a square tray, with the surface area of 0.5 m2, located in the centre of the room. The heat flux was measured using heat flux transducers (Medtherm 64 series), which were positioned 2.2 m, 3.2 m, 4.2 m, and 5.2 m away from the centre of the pool in the x-direction. Figure 9 illustrates the setup of the pool fire experiment. The control volume of the computational model is indicated with a red dashed line.



Figure 10a shows the experimentally measured heat flux (located closest to the fire in Figure 9) and heat flux predicted by the fire simulation. The fire duration of the experiment was 1062 s, whereas it was 1064 s in the simulation. The overall trend of the experimental measurement was accurately simulated, with an error of 15.8% between the two measurements in the steady state (70–550 s). In Figure 10b, the heat dose, which is defined as the time integral of the heat flux, as shown in Equation (6), is shown. The heat dose at the end of the fire duration was 3890.7 kJ/m2 for the experiment and 3953.4 kJ/m2 for the simulation, which corresponds to an error of 1.5%. The comparison shows that the computational model can reasonably accurately simulate JP-5 pool fires.


  Q =  ∫  q   t   d t   =  ∫  − k   d T ( x )   d x     t   d t    



(6)




where   Q  ,   q  ,   k  , and   T   represent the heat dose, heat flux, thermal conductivity, and temperature, respectively.




4.2. Pool Fire Simulation Considering Substrate Inclination


The pool shapes for the fire scenarios without and with inclination are tabulated in Table 6. The formula proposed by Grimaz et al. [18] was used to predict the pool radius of spilled fuel for the case without inclination, while the formulae proposed in this study were used for the inclined case. The conditions of the experimental case 3-3 in Table 3 (i.e., inclination angle and spill rate of 3° and 400 mL/min, respectively) were used for calculating the pool dimensions of the two scenarios. It was assumed that JP-5 was spilled on a steel surface and flowed in the positive x-direction with a uniform thickness across the surface area. As large compartments are known to have drain holes along the edges, the pool thickness was assumed to be uniform. Furthermore, the spillage was assumed to occur in a large compartment without any wind interference.



Once the pool surface areas were estimated, the HRR and duration of the pool fires could be calculated. The HRR was calculated using Equation (4), as explained above. The material properties in Table 2 were substituted into the equation. The estimated HRR and fire duration values for the scenarios without and with inclination are presented in Table 7. The HRR estimated using the proposed empirical formula was 36.0% higher than the estimation obtained using the formula proposed by Grimaz et al. [18]. The increase in HRR for pool fires on an inclined substrate was due to the larger pool area, which also resulted in a shorter fire duration, as the same amount of fuel was spilled for all of the scenarios.



The mesh resolution for the computational model was determined using Equation (5). According to Rengel et al. [34], the recommended mesh sizes for the fire scenarios without and with substrate inclination are 0.036–0.143 m and 0.041–0.165 m, respectively. In this study, a mesh size of 0.03 m was used for both scenarios, which corresponds to the plume resolution indices of 19.1 and 22.0 for the scenarios without and with substrate inclination, respectively. The number of meshes was approximately 1,300,000.



Figure 11 shows the model used in the pool fire analyses. The dimensions of the computational domain were determined such that the fire was not affected by the exterior boundaries, which were set to behave as passive openings to the outside. Moreover, no objects other than the floor were modelled. These settings ensured that only the effects of substrate inclination were observed. Figure 11b shows the pool and locations of the measuring devices. Because all objects inside the computational domain were forced to conform with the mesh in a rectilinear manner, the pool was modelled as shown in the figure.



The fire analysis results are presented in Figure 12, Figure 13 and Figure 14. The HRR of each pool fire with respect to time is shown in Figure 12. While the HRR for the pool fire with inclination was approximately 36% higher than that of the fire without inclination, it decreased more rapidly. The estimated HRR for each pool fire, shown in Table 7, is also marked in the figure. Excluding the stages where the HRR rises or falls, the HRR estimation was reasonably well reproduced by the simulations.



Figure 13 shows the growth and decay of the simulated pool fires with the temperature fields at a height of 3 m. At the early stage (i.e., within 4 s of the start of the fire), the pool fires on both the substrates without and with inclination were still developing. They were fully developed 10 s after the start of the fire. The fire on an inclined surface was in the decaying stage after 16 s, whereas the case without inclination was still fully developed. At all stages, the plume of the fire with inclination was longer in the length direction.
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Figure 13. Stages of the pool fire with temperature fields (z = 3 m): (a) without inclination, (b) with inclination. 
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Additionally, given that the gas temperature above the fire is dependent on the plume shape, it is plausible that the thermal load acting on structures above the fire is different for the two cases, which was assessed through the temperature fields in the figure. In the early stage of the fire, no significant rise in the temperature was observed. However, before the fire on the inclined substrate started to decay at 16 s, a wider temperature field was produced compared with the scenario without inclination. At the fully developed fire stage (10 s,) the areas with temperatures above 50 °C and 100 °C were 0.774 m2 and 0.280 m2, respectively, for the case without inclination, whereas they increased to 0.886 m2 and 0.328 m2, respectively, for the fire with inclination. This difference in temperature field is expected to considerably affect the loading conditions of structures above the fire.



Figure 14 compares the heat flux measurements at points M1 and M2. A similar trend observed for the HRR was noted. The scenario with substrate inclination exhibited higher heat flux levels and a shorter duration for both measuring points. The two scenarios differed slightly in the M1-measured heat flux and more significantly in the M2-measured heat flux (Figure 14a,b), because of the difference in fire scale and pool shape. To quantitatively evaluate the effect of the measured heat flux, the level of concern (LOC), a criterion used in measuring thermal radiation, is illustrated in Figure 14a [35]. The radiation intensity of 8 kW/m2, which causes severe pain when being applied for 7 s on bare skin, was used for the evaluation. The thermal loads for the pool fire considering substrate inclination were above this value, whereas those for the fire without inclination were not.
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Figure 14. Heat flux measurements: (a) M1, (b) M2. 
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5. Concluding Remarks


Pool fires on ships and offshore installations pose a serious threat because of the spreading behaviour of the spilled flammable liquid under motion. Spillages in large compartments are more likely to induce large-scale pool fires owing to the larger spilling extent.



This study experimentally investigated the spreading behaviour of spilled fuel on inclined surfaces due to ship motion. JP-5 was discharged onto a steel plate under different inclination angles and spill rates, and the spilled pool shape was measured. Empirical formulae for predicting the length, breadth, and area of the spilled pool were developed based on the experimental results. To validate the proposed formulae, the experimental conditions were substituted into the formulae, and the predictions were compared with the measured data. Furthermore, a modified formula predicting the HRR of pool fires in inclined conditions was proposed. Finally, the effects of substrate inclination on the fire consequences were investigated by conducting fire analyses. The main findings are as follows:




	
The experiment revealed that the length and area of the spilled pool were proportional to the inclination angle and spill rate, whereas the pool breadth was proportional to the spill rate and inversely proportional to the inclination angle.



	
The empirical formulae for the pool dimensions agreed well with the experimental data and exhibited higher accuracy compared with an existing model, as confirmed by the corresponding mean and COV. Thus, the proposed formulae are more applicable to fuel spillages on inclined surfaces compared with the existing models.



	
The fire analyses of pool fires on surfaces without and with inclination revealed that the substrate inclination significantly influenced fire consequences. In particular, compared with the scenario without substrate inclination, the fire on an inclined substrate exhibited 36% higher HRR and thermal loads acted further from the spillage location.








In future studies, the structural response to pool fires on inclined surfaces will be analysed using the empirical formulae. Furthermore, the effects of the material properties of fuel, such as fuel viscosity, density, and surface tension, on the spill shape will be examined for different fuel types and substrate conditions. Additionally, further experiments for additional substrate inclinations and fuel discharge rates will improve the applicability of the proposed formulae.
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Figure 1. Flammable liquid spread in ship compartments: (a) inclination due to ship motion; (b) pool spread in compartments without and with inclination. 
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Figure 2. Research procedure for fire consequence analysis considering the spreading extent of spilled flammable liquid in inclined conditions. 
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Figure 3. Fuel discharge experiment setup: (a) schematic layout, (b) test layout, (c) steel plate (ship’s deck). 
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Figure 4. Experimental result: (a) recorded pool shape, (b) processed pool shape. 
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Figure 5. Pool shapes of spilled fuel after 30 s with the inclination angles of (a) 1°, (b) 5°, and (c) 10°. 
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Figure 7. Experimentally measured pool dimensions (      t   m    /    t   d     = 1.00  ): (a) length with respect to inclination angle; (b) length with respect to discharge rate; (c) breadth with respect to inclination angle; (d) breadth with respect to discharge rate; (e) area with respect to inclination angle; (f) area with respect to discharge rate. 
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Figure 9. Pool fire experiment setup: (a) schematic layout, (b) actual layout. 
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Figure 10. Comparison of the experimental data and simulation results: (a) heat flux, (b) heat dose. 
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Figure 11. Numerical model for pool fire analysis: (a) computational domain, (b) pool and locations of measuring devices. 
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Figure 12. Heat release rates for the pool fires without and with inclination. 
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Table 1. Summary of studies on spill characteristics.
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	Reference
	Spilled Liquid
	Substrate
	Spill Shape Parameters
	Expression of Formulation
	Approach





	Grimaz et al. [18]
	Jet fuel
	Horizontal, impermeable and porous
	Radius, length
	Empirical formula
	Analytical formulation



	Simmons et al. [20]
	Common chemicals
	Inclined, impermeable and porous
	Volume, thickness
	Analytical solution
	Experiment, CFD



	Ingason and Li [21]
	Water, gasoline
	Inclined
	Breadth, length
	Empirical formula
	Experiment



	Klein et al. [22]
	Water, gasoline
	Inclined
	Width
	Empirical formula
	Experiment



	Briscoe and Shaw [24]
	LNG
	Horizontal
	Radius
	Analytical solution
	Analytical formulation



	Kim et al. [25]
	LNG
	Horizontal
	Radius
	Analytical solution
	Analytical formulation










 





Table 2. Material properties of JP-5.
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	Properties
	Value
	Unit





	Density
	810
	kg/m3



	Dynamic viscosity
	2.28
	cSt (mm2/s)



	Surface tension
	0.025
	N/m



	Contact angle
	30
	°



	Heat of combustion
	43.0
	MJ/kg



	Mass burning rate
	0.54
	kg/m2s



	   k β   
	1.6
	m−1







Note: 1.0 cSt = 0.01 St = 1 mm2/s.













 





Table 3. Summary of the experimental conditions.
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Exp. No.

	
Inclination

Angle (°)

	
Discharge Rate (mL/min)

	
Temperature (°C)

	
Humidity (%)






	
1-1

	
1

	
200

	
11.2

	
53




	
1-2

	
300

	
11.2

	
51




	
1-3

	
400

	
11.2

	
51




	
2-1

	
2

	
200

	
11.1

	
49




	
2-2

	
300

	
11.0

	
48




	
2-3

	
400

	
11.0

	
48




	
3-1

	
3

	
200

	
11.0

	
48




	
3-2

	
300

	
11.0

	
47




	
3-3

	
400

	
10.8

	
47




	
4-1

	
4

	
200

	
12.0

	
60




	
4-2

	
300

	
12.0

	
59




	
4-3

	
400

	
12.1

	
59




	
5-1

	
5

	
200

	
11.5

	
60




	
5-2

	
300

	
11.8

	
60




	
5-3

	
400

	
11.9

	
60




	
7-1

	
7

	
200

	
10.5

	
58




	
7-2

	
300

	
10.6

	
59




	
7-3

	
400

	
10.9

	
60




	
10-1

	
10

	
200

	
9.4

	
53




	
10-2

	
300

	
9.1

	
49




	
10-3

	
400

	
8.1

	
48











 





Table 4. Roll motion for conventional surface ships.
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Sea State

	
Roll Angle (°)

	
Ship Beam (m)

	
Wave Height (m)

	
Characteristics






	
0–3

	
Less than 5

	
Less than 15

	
0.00–1.25

	
Calm (glassy)–slight




	
15–23




	
23–32




	
Greater than 32




	
4

	
7

	
Less than 15

	
1.25–2.5

	
Moderate




	
6

	
15–23




	
6

	
23–32




	
5

	
Greater than 32




	
5

	
12

	
Less than 15

	
2.5–4.0

	
Rough




	
10

	
15–23




	
10

	
23–32




	
9

	
Greater than 32




	
6

	
19

	
Less than 15

	
4.0–6.0

	
Very rough




	
16

	
15–23




	
15

	
23–32




	
13

	
Greater than 32




	
7

	
28

	
Less than 15

	
6.0–9.0

	
High




	
24

	
15–23




	
22

	
23–32




	
20

	
Greater than 32




	
8

	
42

	
Less than 15

	
9.0–14.0

	
Very high




	
37

	
15–23




	
34

	
23–32




	
31

	
Greater than 32











 





Table 5. Experimentally measured pool dimensions.
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Exp. No.

	
Inclination

Angle (°)

	
Discharge Rate (mL/min)

	
        t   m    /    t   d       =   0.50    

	
        t   m    /    t   d       =   1.00    




	
Length (mm)

	
Breadth (mm)

	
Area (103 mm2)

	
Length (mm)

	
Breadth (mm)

	
Area (103 mm2)






	
1-1

	
1

	
200

	
303

	
193

	
50.1

	
513

	
252

	
104




	
1-2

	
1

	
300

	
279

	
167

	
37.5

	
552

	
258

	
119




	
1-3

	
1

	
400

	
363

	
274

	
86.4

	
691

	
339

	
191




	
2-1

	
2

	
200

	
431

	
143

	
52.8

	
801

	
195

	
116




	
2-2

	
2

	
300

	
538

	
210

	
85.9

	
987

	
292

	
213




	
2-3

	
2

	
400

	
577

	
274

	
119

	
1070

	
318

	
253




	
3-1

	
3

	
200

	
525

	
163

	
622

	
1010

	
169

	
125




	
3-2

	
3

	
300

	
694

	
206

	
101

	
1270

	
238

	
217




	
3-3

	
3

	
400

	
808

	
244

	
136

	
1440

	
293

	
292




	
4-1

	
4

	
200

	
822

	
163

	
902

	
1450

	
191

	
190




	
4-2

	
4

	
300

	
898

	
196

	
121

	
1590

	
230

	
260




	
4-3

	
4

	
400

	
1070

	
223

	
160

	
1870

	
273

	
355




	
5-1

	
5

	
200

	
847

	
128

	
710

	
1580

	
158

	
169




	
5-2

	
5

	
300

	
1030

	
157

	
103

	
1670

	
166

	
180




	
5-3

	
5

	
400

	
1230

	
205

	
167

	
2290

	
233

	
372




	
7-1

	
7

	
200

	
1070

	
150

	
115

	
1920

	
207

	
253




	
7-2

	
7

	
300

	
1260

	
166

	
136

	
2320

	
207

	
299




	
7-3

	
7

	
400

	
1500

	
211

	
198

	
2720

	
232

	
404




	
10-1

	
10

	
200

	
1160

	
115

	
852

	
2280

	
134

	
202




	
10-2

	
10

	
300

	
1430

	
147

	
144

	
2670

	
168

	
304




	
10-3

	
10

	
400

	
1900

	
179

	
205

	
3380

	
195

	
403











 





Table 6. Predicted pool dimensions for pool fires without and with inclination.
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Without Inclination

	
With Inclination




	
Radius (mm)

	
Area (mm2)

	
Thickness (mm)

	
Length (mm)

	
Breadth (mm)

	
Area (mm2)

	
Thickness (mm)






	
258.6

	
210,096

	
0.9519

	
1552.5

	
312.3

	
277,260

	
0.7213











 





Table 7. Comparison of the estimated HRR and fire duration.
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	HRR (kW)
	Fire Duration (s)





	Grimaz et al. [18] (without inclination)
	274.6
	14.3



	Proposed formula (with inclination)
	395.0
	10.8
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