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Numerical model was built with fire dynamic simulator and theocratical simulation was carried out to investigate the suppression effect of water mist on ignition and combustion process of typical solid material polymethyl methacrylate under external radiant heat flux. Characteristic parameters such as ignition time, surface temperature, heat release rate and temperature distribution of flame central plane during ignition and combustion process under different thermal radiant fluxes were obtained and compared with experimental results. The suppression effect of spray droplets on ignition and combustion process was analyzed and discussed. The results show the theoretical calculations of combustion characteristic parameters are in good agreement with experimental measurements. Water mist droplets can effectively delay the ignition time. Quantitative data proves that the water mist flow rate at 0.9 L/(min·m2) can delay the ignition time of samples by about 1,100 s while the radiant heat flux is 50 kW/m2. The simulation results can provide theoretical support and data reference for typical solid material fire prevention and fire extinguishment in practice.
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1 INTRODUCTION
Polymer-based organic synthetic materials have been widely used in various fields of production and daily life in modern society (An et al., 2022; Wang et al., 2023). For example, polymethyl methacrylate (PMMA), as typical thermoplastic material, has been widely used in machining, architectural decoration, and other fields because of its excellent properties. The polymer material is flammable, making it easy to burn and cause fire accidents (Nelson, 1990). A large number of experiments and numerical studies have been carried out on its combustion characteristics, especially systematic research on the combustion behavior under different radiant heat fluxes (Kashiwagi et al., 1979; Tsai et al., 2001; Urbas et al., 2004; Luche et al., 2011; Acem et al., 2017). Typical combustion parameters such as surface temperature (ST), smoke density and heat radiation during the pyrolysis and combustion process of burning samples were measured by cone calorimeter. Results showed that the surface temperature was about 673 K when the combustion occurred, and the external radiation heat flux and flame radiation heat were helpful to promote continuous combustion. Researchers have also carried out detailed experiments, theoretical analysis and discussion on PMMA combustion characteristic parameters such as heat release rate (HRR), mass loss rate (MLR) and ignition time (IT) (Yang et al., 2006; Wang et al., 2017; Chen et al., 2019). Others conducted relevant experimental and numerical studies on water mist fire suppression to explore the influence mechanism of water mist on extinguishing PMMA flame (Cong et al., 2005) and the interaction between water mist droplets and various types of flame spread and smoke movement (You et al., 2006).
Theoretical and experimental studies both showed that water mist, as one of the effective means for fire prevention, can efficiently inhibit the combustion behavior of solid combustibles under external radiant heat flux. In experimental studies, however, it is always difficult to strictly control the key parameters of water mist such as particle size and water flow rate as a single variable, and this further brings challenges especially when it is coupled with a cone calorimeter and other test platforms.
To obtain further insight into the suppression effect of water mist droplet on typical combustion parameters such as surface temperature and heat release rate of PMMA sheets applied to external radiant heat flux, a theoretical model based on previous studies was established in the present study and the calculation results were compared with experimental measurements to verify the reliability of the model. The ignition time, surface temperature, heat release rate and other parameters of the test samples were analyzed in detail. On this basis, water mist droplets were introduced and the influence on the ignition and combustion process was investigated. In particular, the suppression effect of different water mist flow rates on ignition time, surface temperature and heat release rate under external radiation was discussed. The results can provide theoretical basis and technical support for water-based fire suppression methods suitable for polymer fire scenario.
2 NUMERICAL MODELING
2.1 Basic configuration
The simulation software fire dynamic simulator (FDS), which was widely used in fire science research and fire protection technology, was selected as the numerical simulation tool. Validation studies showed the numerical tool was suitable for the simulation of combustion behavior of samples under external thermal radiation in a cone calorimeter. As shown in Figure 1A, the numerical model was built in an open space of 0.3 m × 0.3 m×0.5 m, and the flammable sample part was set on a 10 cm × 10 cm combustion platform according to the standard specifications of a cone calorimeter. The burning sample was located on the top of the platform. External thermal radiation was defined using the input parameter “EXTERNAL_FLUX” under the built-in “SURF” command of the numerical tool. Function EXTERNAL_FLUX was simply a virtual source that heats the solid. It can be thought as a perfect radiant panel or conical heating unit like cone calorimeter in real world. The unit of this parameter was kW/m2. Typical settings in present paper were 30, 35, 50 and 65 kW/m2. The water mist nozzle was arranged 140 mm above the center of the sample, and the mist cone angle was 54°. Under the conditions of defined height and water mist cone angle in Figure 1B, the cross-sectional area of the conical mist field formed on the upper surface of the combustion sample was 15,708 mm2 to ensure the sprayed droplets can completely cover the upper surface of the sample. In the numerical model, water droplets were introduced into the calculation zone via a sprinkler. Parameters such as particle velocity, flow rate and spray angle were defined. The initial speed of the droplets was set to 0.5 m/s. When water droplet strikes the sample surface, it stuck and was reassigned a new speed and direction. Since the surface was horizontal, the direction was randomly chosen. Once contacting the sample surface, the water droplets reduced the fuel pyrolysis rate by cooling the sample surface and also changing the chemical reactions that liberate fuel gases from the solid. A thermocouple was set in the center of the upper surface of PMMA sample to measure the surface temperature during the ignition and combustion process. Both the ambient temperature and the initial temperature of the spray droplets were set to 20°C.
[image: Figure 1]FIGURE 1 | Schematic diagram of numerical model [(A): simulation scene; (B): size description].
2.2 Properties of burning sample
In the present study, the combustion samples are ordinary PMMA plates, which are colorless and transparent solid at room temperature. Four typical simulation conditions were set according to relevant literature (Table 1). Simulation conditions No. 1 and No. 3 were set strictly according to the experimental operating conditions, and water mist was introduced as a control parameter in conditions No. 2 and No. 4. See Table 1 for more specific parameter settings of the PMMA samples used in the numerical simulation.
TABLE 1 | Material property parameter of PMMA samples.
[image: Table 1]2.3 Grid sensitivity analysis
To determine the reasonable grid size of the numerical model, the flame characteristic diameter size D* was investigated:
[image: image]
Where Q is the combustion heat release rate, kW; ρ∞ is the air density, and its value is 1.205 kg/m3; cp is the heat capacity of air, whose value is 1.005 kJ/(kg K); T∞ is ambient temperature, the value is 20°C (293.15 K); g is the acceleration of gravity, and the value is 9.8 m/s2.
The grid size is the most important numerical parameter in the model, as it dictates the spatial and temporal accuracy of the discretized partial differential equations. Gird sensitivity analysis considers the extent to which uncertainty in model inputs influences model output. According to the grid size requirement stated in FDS technical reference, it is suggested that the selection of numerical grid size δx should match with flame characteristic size D*. And more precisely, a certain multiple relationship between them should be ensured to obtain reliable calculation results. According to the experimental data (Wang et al., 2017), the corresponding flame characteristic size D* under different radiant heat flux conditions and the corresponding δx values under the multiple relationships of 5, 16, and 20 are calculated using Eq. 1, the results are shown in Table 2.
TABLE 2 | Calculation results of characteristic diameter under different heat flux.
[image: Table 2]It can be seen that when the radiant heat flux is between 15 and 65 kW/m2, the corresponding heat release rate is about 3–8 kW, and the flame characteristic size D* lies between 0.0939 and 0.1390 m. Thus, the suggested grid size is 0.47–2.78 cm if calculated by 5–20 times. Within this range, the calculation results are proved to be reliable. The final grid size decision is the comprehensive consideration of both model accuracy and computer capacity. To determine the suitable grid size quantitatively, the radiant heat flux of 50 kW/m2 was taken as an example, four uniform grid sizes of 0.5 cm, 1.0 cm, 1.5 cm, and 2.0 cm were selected to carry out grid independence analysis.
The simulation result of surface temperature depicted in Figure 2 is observed to gradually increase under external radiant heat flux and tends to stabilize at constant temperature eventually. From the view of the calculation, results of the four grid sizes are basically identical. A detailed comparison indicates that the subtle difference is the minor variation of finally stable temperature. With the increase of mesh fineness, the surface temperature of samples eventually tends to coincide. Quantitative analysis shows that the temperature difference between the calculated results of 0.5 cm and 1.0 cm meshes at the stable stage is no more than ±1°C. This verifies the reliability of the numerical model and suggests that continuous improvement of the mesh fineness will no longer improve the accuracy of calculation results distinctly. Therefore, considering the result accuracy, time cost, and efficiency of numerical calculation, 1.0 cm grid is selected as the computational mesh size in the follow-up simulation study.
[image: Figure 2]FIGURE 2 | Surface temperature of samples with different grid sizes under radiant heat flux 50 kW/m2.
3 RESULTS AND DISCUSSION
3.1 Surface temperature of PMMA samples under thermal radiation
Due to its good heat conduction performance, temperature of combustible solid will rise quickly once exposed to external heat radiation. It is of great significance to explore the temperature change characteristic and identify its effects on ignition and combustion process, which plays an important role in fire prevention in real life.
Figure 3 presents the numerical simulation results and experimental data (Tsai et al., 2001) of surface temperature under 30 kW/m2 and 50 kW/m2 radiation fluxes. It is shown that the surface temperature rise of combustible samples under external radiant heat can be roughly divided into two phases: continuous rise and stabilization. At the initial stage of the temperature rise process, the calculation results of the theoretical model are in good agreement with the experimental measurements. As the heating time increases, both theoretical calculations and experimental measurements of surface temperature tend to stabilize and the final temperature of both methods are in clear agreement. It is worth noting that the temperature rise curve reveals the time reaching to the steady state of numerical simulation is obviously earlier than experimental tests. The reason for this is presumed to be the heat loss between the combustible solid surface and the surrounding environment in realistic experimental scenarios. Heat dissipated into the ambient environment leads to a slight decrease of the temperature rise rate compared with ideal conditions. Based on the above calculation results, the steady-state surface temperature maintains at 670–690 K and is consistent with the previous findings of PMMA spontaneous ignition critical temperature such as 695 ± 30 K (Gong et al., 2020), 650–680 K (Safronava et al., 2015) and 670–690 K (Lyon et al., 2007). These results verify the reliability of the numerical model and further confirm the accuracy of the simulation in predicting surface temperature of ignition and combustion process.
[image: Figure 3]FIGURE 3 | Theoretical calculation and experimental measurements of surface temperature under different radiant heat fluxes.
3.2 Effect of external radiant heat flux on heat release rate
Heat release rate of combustible materials, which has a significant impact on fire development and flame propagation rate, is an important parameter describing the combustion intensity. Combustible material exhibits different heat release rate properties in different burning scenarios or at different stages of the same fire scenario. For fire risk evaluation and fire prevention, it is necessary to understand the impact of radiant heat fluxes on heat release rate during ignition and fully developed combustion processes.
Figure 4 shows the heat release rate results from theoretical model and experiments (Wang et al., 2017) under three different radiant heat flux intensity (35 kW/m2, 50 kW/m2, and 65 kW/m2). From exposure to thermal radiation to the end of the experiment, the combustion process of all samples can basically be divided into four stages. At the first stage, the surface temperature of the sample gradually increases and no continuous flame is generated. With the exposure time increases, the sample surface reaches its ignition point and the sample starts to burn. The second stage is distinguished by a rapid increase in heat release rate, which is shown as a steep growth curve in the figure. Samples at the third stage are completely ignited. The heat release rates maintain at a high level and then further increase gradually to the maximum. With the continuous consumption of the sample, the heat release rates at the last stage begin to decline until the flame completely extinguished and eventually tend to zero. Both numerical and experimental results show significant effect of external radiant heat flux on the ignition time, the peak heat release rate, and the combustion duration. The higher the thermal radiation, the higher temperature rise rate and the shorter ignition time will be. In the ignition and full combustion phases, the radiant heat flux shows a significant influence on the heat release rate. The increase rate of HRR and peak HRR at fully developed combustion stage increase with raising external radiation intensity. This trend is consistent with both numerical and experimental results. The accurate prediction of HRR by simulation method further proves chosen model can provide reliable combustion characteristic data in ignition and combustion process.
[image: Figure 4]FIGURE 4 | Theoretical and experimental heat release rate under different radiant heat fluxes.
3.3 Emperature field distribution on flame central plane
Accurate measurement of the whole temperature field distribution (TFD) of flame section by experimental methods is always difficult and the cost is generally enormous. However, it is convenient to obtain the temperature field through numerical simulation. To further investigate the evolution of flame shape and sectional temperature during the whole combustion process, Figure 5 shows the sequence diagram of temperature field distribution on the flame central plane. Overall, the evolution process of the flame shape, which intuitively shows four stages of the combustion process, is consistent with the variation of HRR under radiant heat flux 50 kW/m2 shown in Figure 4. According to the experimental results (Wang et al., 2017), the ignition time and time to peak HRR under 50 kW/m2 radiant heat flux are 16 s and 795 s respectively. The simulation results in Figure 4 show that the HRR starts to increase rapidly at about 15 s and achieves the peak at about 750 s. The temperature field profiles shown in Figure 5 also confirm the trend of fire development and flame evolution. These fundamental data of typical combustion process will be useful for comparing results of subsequent fire suppression with water mist.
[image: Figure 5]FIGURE 5 | Temperature contour of flame central section of test No. 3 under radiant heat flux 50 kW/m2.
3.4 Suppression effect of water mist on ignition and combustion characteristics
The combustion behavior of flammable PMMA samples under different external radiative heat flux has been discussed above. In the actual fire protection scenario, it has realistic meaning and significance in inhibiting material ignition, reducing fire spread speed, and controlling fire-affected area by using the cooling effect of water droplets to prolong ignition time or reduce intensity of combustion. Based on the operating conditions No. 1 and No. 3, this section compares and analyzes the effect of water mist on surface temperature, heat release rate, and other combustion characteristic parameters. The intensity of external thermal radiation was set to 50 kW/m2 to simulate the heating state of solid combustibles in a fully developed fire scenario. Four spray flow rates at 0.50, 0.75, 0.90, and 1.00 L/(minm2) were selected in the model. Diameter of the droplet was 200 μm and the initial velocity was 0.5 m/s. The simulation duration was 1800–2,400 s. Development of ST, HRR, and TFD on flame central plane were recorded in Figure 6–8.
[image: Figure 6]FIGURE 6 | Surface temperature of test No. 2 at different water mist flow rates under radiant heat flux 50 kW/m2.
In Figure 6, the surface temperature rise curve has changed greatly compared with Figures 2, 3. The calculation results show that as the water mist flow rate increases, the initial surface temperature increase rate of samples exposed to radiant heat flux decreases significantly. And the corresponding ignition time is also evidently delayed. From Figure 6, the time periods before complete combustion phase of the first three samples applied with different mist flow rates are delayed by about 200 s, 560 s, and 1,330 s, respectively. It is also worth noting that the samples may still be ignited by external radiation as the exposure time increases. At the fully developed combustion stage, the surface temperature of burning samples maintains around 660–680 K, which decreases slightly with increasing of water mist flow rate. When the water mist flow rate reaches 1.0 L/(min·m2), the surface temperature will increase by only 60°C in 30 min without being ignited.
Figure 7 shows the effect of water mist at different flow rates on heat release rate during the ignition and combustion process under radiant heat flux 50 kW/m2. With the application of water mist droplets, especially as the increase of water flow rate, the ignition time of samples is distinctly delayed. The peak HRR is also lower compared with the case without water mist in Figure 4. No significant increase of HRR is observed when the water mist flow rate is 1.0 L/(minm2), indicating that the samples do not burn at all during the whole simulation. For selected water flow rates between 0.5 and 1.0 L/(minm2), when the flow rate is low, the droplets can decelerate the surface temperature rise by means of heat absorption and evaporation, thus further delay the ignition time. On the other hand, as the exposure time under the radiative heat flux increases, the strong thermal radiation intensity is still able to evaporate the droplets and finally ignite the samples. It is reasonable to deduce that when the spray flow rate increases to a certain level, even if the samples are exposed to external radiation for a sufficiently long time, they will still not be ignited. Based on the above results and analysis, the ignition time of samples exposed to external radiation 50 kW/m2 can be delayed by about 1,100 s while the water mist flow rate is 0.9 L/(min·m2). If the flow rate is continuously increased to 1.0 L/(min·m2), there is no combustion and flame propagation observed in 2,400 s. In former experiments (Cong et al., 2005), testing results showed the fire suppression time of water mist at flow rate 2.17 L/(min·m2) is 3.3 s and flame extinction time is 72.3 s. The tendency is consistent with the simulation results. Fire protection and suppression effect of water mist on solid combustible materials under external radiant heat flux shows enormous potential and significance for preventing solid fire accidents and extinguishing rapid fire spread at the initial stage.
[image: Figure 7]FIGURE 7 | Heat release rate of test No.4 at different water mist flow rates under radiant heat flux 50 kW/m2.
Figure 8 depicts the temperature field distribution on the flame central plane. The radiation intensity is 50 kW/m2 and water mist flow rate is 0.75 L/(min·m2). Compared with the combustion process when no water spray was applied (Figure 5), the temperature field differences are mainly reflected in two aspects. Firstly, the continuous flame zone above the sample surface does not appear until 550 s continuous exposure to external radiation, confirming the significant delay of ignition time. Secondly, the high-temperature flame region shrinks and diverges clearly during the combustion process and the temperature of the gas-phase flame region visibly decreases, which indicate that the flame has been suppressed and cooled by water droplets effectively. The evolutionary trend is more noticeable with the continuous increase of water mist flow rate. The variation of the temperature field distribution on the flame central plane explains the reduction of ST and HRR, which further demonstrates the beneficial effect of water mist droplets in suppressing the solid combustibles fire in the presence of radiant heat.
[image: Figure 8]FIGURE 8 | Temperature contour of flame central section of test No. 4 at water mist flow rate 0.75 L/(min·m2) under heat flux 50 kW/m2.
4 CONCLUSION
The suppression effect of water mist on the combustion of PMMA samples under external radiation intensity is studied by numerical simulation. The ignition and combustion process of PMMA sheet under external radiant heat flux was calculated theoretically by using the numerical simulation tool FDS. Characteristic parameters such as surface temperature and heat release rate during the ignition and combustion process were obtained and compared with the previous experiments. The results show that the theoretical calculation of surface temperature, heat release rate, and other combustion characteristic parameters are in good agreement with the experimental measurements. Fire suppression effects of water droplets on the ignition and combustion process of samples under heat radiation are analyzed and discussed. The surface temperature, combustion heat release rate, and flame morphology of the burning samples dramatically change with the application of water mist, indicating that water droplets can effectively delay the ignition time and inhibit the combustion process. Theoretical calculation shows water mist flow rate at 0.9 L/(min·m2) is perfectly capable of prolonging the ignition time of samples under external heat radiation 50 kW/m2 for about 1,100 s. This remarkable effectiveness shows positive significance for guiding fire rescue and fire prevention in practice. In the next step, more different particle sizes will be considered and the impact on heat release rate, mass loss rate, surface temperature and CO productivity will be studied and discussed to get a better understanding of the combustion and fire suppression process.
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