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Impact of Water Mist on Fire Extinguishment in Mechanically Ventilated Compartment as a Function of Airflow Rate

This study demonstrates how or whether an inlet vent rate affects flame suppression behaviour in highly confined and mechanically ventilated installations which are a typical hazard in the nuclear safety area. The primary objective of the present work is to provide a detailed experimental study on water mist fire suppression phenomena in a buoyant, turbulent diffusion flame representing the key characteristics of a realistic fire. The present work focuses on water mist application in a hot confined environment from flame, smoke and hot enclosure walls, which allows to achieve maximum droplet evaporation. It is indicated that reduction in flameto-wall radiation heat transfer via cooling of smoke layer by water over liquid surface does not allow suppression of a confined fully developed fire because the mist can't transported to the fire source during the fire-water interaction period. Through the analysis on HRR, gas temperature, heat flux and chemical species, it is found that in a hot environment, a consecutive efficient cooling of the smoke layer thanks to a strong droplet evaporation leads to the fire suppression only with ACPH (Air Change Per Hour) below 28 via lack of oxygen.

Introduction

Specialist installations, such as nuclear facilities, do not have multiple unprotected, glazed openings (windows or doors) to the external perimeter of the building, but rather rely exclusively on mechanical ventilation systems. Moreover, in order to contain the potential release of radioactive material to the surrounding environment, nuclear facilities operate under negative pressure, known as dynamic confinement, relative to the ambient pressure external to the facility. As an alternative to halogenated alkyl fire extinguishing agents, fire suppression system as sprinklers is widely used in nuclear facilities since it is shown applicable to gas, liquid and solid combustible fires [1]. The fire development is very sensitive to water application time and flow rate, the initial water discharge and the water transport to the fire source during the fire-water interaction period [2]. Understanding the fire spread and suppression mechanisms can help improve the performance of protection systems and reduce fire damage. Fuel cooling was identified as the main mechanism leading to fire suppression for early application in an environment which is not hot enough to result in a strong droplet evaporation [3]. Activation of fire suppression system at the early stage of fire growth allows to reduce the flame temperature below a critical value necessary to sustain combustion [4]. The time between fire ignition and water mist application induces the two major suppression mechanisms such as surface wetting and sensible cooling effects via water vapour dilution. The fire suppression may require a long time to cool the fuel surface once the fire is fully developed. The droplets with large diameter and sufficient momentum allow to penetrate the plume and the flame, and to reach the fuel surface to cool and to wet it. When droplets reach liquid burning surface, they can either splash or accumulate into a thin liquid film. The consecutive cooling of burning surfaces by water mist and reduction in the surface heat flux affect in-depth pyrolysis coupling heat transfer in the liquid fuel with a thermal decomposition reaction, leading to fire suppression. The effects of airflows in water mist on the fire suppression can be produced by natural or forced ventilation and smoke extraction systems and by movement of fire load [5]. Droplet evaporation and latent cooling effects contribute significantly to the fire extinction, and the peak suppression performance is achieved for conditions in which droplets evaporate close to the flame sheet [6]. Transient fire growth and reduction of the burning rate due to surface wetting strongly affect the regimes of flame-spray interaction [START_REF] Ananth | Halon Options Technical Working Conference[END_REF]. Efficacy of droplets evaporation has been confirmed to remove 6-11% of the heat produced by a fire as a function of fire scale [START_REF] Mehaddi | [END_REF]. Fire suppression performance is primarily affected by operating parameters, such as distance between the pool fire and the nozzle, gap of platform, nozzle ejection rate, and water mist particle size [9]. When water mist spray splashes into an enclosed space, various physical parameters, including the drag force, become important due to presence of the walls [10]. The atomization effect of high-pressure water mist allows the mist to fill the entire fire extinguishing space, and this makes the impact of water mist on the fire source more effective with a stronger ability to reduce heat radiation [11]. The consensus provided by previous studies [START_REF] Prasad | Numerical modeling of water mist suppression of methane-air diffusion flames[END_REF][13][14][15] is that mist suppression performance is highly configuration dependent, varying with factors including the droplet size distribution, the orientation of mist injection, and the velocity of the droplets relative to fire induced entrainment. Impact of water mist on realistic large-scale, turbulent fires have been investigated [16][17] although these studies have lacked the detailed characterization and controlled conditions necessary for model validation.

Despite the progress that is apparent in the existing literature, most previous fire suppression studies are limited to well-ventilated fire, and lack the integral measurements necessary to truly quantify suppression performance. It has not yet been demonstrated how or whether the confinement features affect flame suppression behaviour in a ventilated installation under negative pressure which is a typical hazard in the nuclear safety area. The primary objective of the present work is to provide a detailed experimental study on water mist fire suppression phenomena in a buoyant, turbulent diffusion flame representing the key characteristics of a realistic fire. The present work focuses on mist application in a hot environment which allows to achieve maximum droplet evaporation as close to the flame sheet, smoke layer and enclosure walls as possible. It is found that a hot environment produces a strong evaporation, and a consecutive efficient cooling of the smoke layer does not allow the fire suppression when the oxygen volume fraction is still above 10%. A particular attention is paid to the evaluation of the fire extinguishment as a function of ACPH (air Change Per Hour) for identifying a dominating influence of either flame cooling or fuel surface cooling. The results on HRR, gas temperature, chemical species, and radiative heat transfer between the flame/smoke/hot walls and the liquid-phase pyrolysis region are analyzed. This work contains both the complexity required for relation to realistic fire scenarios and the detailed diagnostics required for contributions to the development and validation of CFD models.

Experimental set-up

The experimental configuration (cf. Fig. 1) features a canonical laboratory-scale facility with volume size of 1 m 3 that provides well-characterized inlet and boundary conditions. To obtain good results, both fire source and confined level are properly scaled. Such scaled-down facility effort has been aimed at helping reduce the number of expensive large-scale tests and generalize the test results. The enclosure is equipped with an external ventilation system. The air intake is placed in low position at a height of 0.15 m. The burnt gases flow towards the extraction duct with a length of 1.1 m at a height of 0.7 m. The dilution duct with a length of 2.5 m is fixed at the same height. All the ventilation ducts have a circular section of 0.1 m in diameter, and are made of smooth galvanized steel. A door with an area of 0.8x0.55 m 2 is located at the right wall. The enclosure walls are made of 10-cm-thick cellular concrete which is a lightweight cement-based material, containing many gas bubbles evenly distributed in the volume. Cellular concrete with  =1 W/m/K,  =400 kg/m 3 and Cp=0.88 kJ/kg/K is used especially when chemical and fire resistance is needed. The heptane pool fire is established on a 15 cm circular pan. The pool has a 5-cm deep water base and a fuel load of 5 cm above the water base. Liquid fuel pan was placed in the middle of the enclosure, slightly elevated at a height of 0.3 m. This configuration provides the suppression of a buoyant, turbulent heptane diffusion flame by application of water mist. The fire suppression system is designed with three nozzles above the liquid pool at a height of 1 m. Droplet injecting velocity of 10 m/s at a distance of 30 cm from the nozzle exit, and a median droplet diameter of about 60 m  are experimentally estimated. All droplets drops are orthogonal to the induced flow from the admission duct. If droplets are too small or more too slowly, evaporation will occur too rapidly or too far upstream of the flame sheet; otherwise if droplets are too large or more too quickly, evaporation is then too slow to affect significant flame cooling [18].

As shown in Fig. 1, to select the desired airflow rate, a centrifugal fan with single-phase variable speed is placed at the outlet of a duct orthogonal to the dilution duct at a height of 2.6 m. Such a mechanical extraction provides a maximum volume flow rate of 720 m3/h, and pressure difference of , allowing to create a suction effect from admission duct. Before igniting the fuel pan, a period of 10 minutes was included to establish a drop in pressure which is measured continuously by a pressure sensor with a sensitivity of ± 2 Pa. Air volume flow rate (m 3 /h) at the intake duct is regulated as a function of drop in pressure by means of an adjustment of rectangular flaps located upstream of the duct, which generate aeraulic resistances. As in nuclear installations, only in absence of the fire, a certain number of ACPH is achieved from the measured volume flow rate at admission duct by using a stainless steel hot wire probe, defined as :
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After igniting the fuel pan, air entering the compartment is connected with the pressure variations which are based on a drop in pressure regulated initially at a certain number of ACPH in absence of the fire.

Inside the enclosure, a No-Dispersive Infrared gas analyzer was used to follow the evolution of CO and CO2 concentrations. Local continuous measurement of molar fraction of oxygen at the extraction duct was taken by using a paramagnetic gas analyzer. Within the exhaust system, concentrations of unburnt hydrocarbons were measured by ten sampling probes.

The gas temperature measurement were taken with chromel-alumel thermocouples (type K) of a 0.5 mm wire. There are three vertical profiles which are located at 0.275 m from the centreline. Each of the profiles comprises 10 thermocouples positioned at regular intervals with a distance of 2.5 cm nearby the fire source and 5 cm close to the ceiling.

Radiant heat flux below 20 kW/m 2 over the fuel surface was measured by means of three Gardongauge-type radiometers MEDTHERM for three radial positions of 0, 1/3R and 2/3R. The mean radiant heat flux over the pyrolysis surface is derived by integrating radiation heat flux along the pan radius. The detailed measurement method can be found in the previous work [20].

When the water mist system was activated, the HRR could be determined anymore by simple weighting, because water droplets impacting the fuel were disturbing the mass loss recording. Thus classical species-based calorimetry techniques were used to quantify the HRR via the measurements of oxygen concentration [21] within the exhaust system

Results and discussions

To comprehensively study the fire extinguishing conditions of water mist, a number of ACPH in a range from 4.2 to 58 is achieved. It is found that fire is suppressed as soon as the spray-plume interfaces approaches the flame sheet for 4.2 ACPH, and a critical value of ACPH equal to 28 is identified below which the extinguished phenomenon is reproduced.

The experimental images of the fire scenarios are recorded using a Canon digital camera. Instantaneous images at different times are illustrated in Fig. 2 for a low ACPH of 4.2. It is found that air entrainment from the admission duct with an inlet velocity of 1 m/s (cf. Fig. 1) entrains a pool-like fire. By application of water mist, reduction in flame luminosity is more apparent, and this is most attributable to flame cooling, where the visible intensity of soot incandescence is strongly dependent on flame temperature. A rapid deterioration in the flame structure, coupled with periods of flamebase destabilization and localized detachement from the fuel source, immediately precedes global fire extinguishment after 10 s of water mist application. t=750 s t=760 s Figure 2. Instantaneous flame images inside enclosure fire at 4.2 ACPH with water mist Representative images depicting the impact of water mist suppression at 58 ACPH on turbulent flame quenching behaviour are presented in Fig. 3. A high inlet velocity of 10 m/s has a combustion-supporting effect, and the flame keeps jumping and rolling as observed in the other work [19]. Flow movements nearby the fire source disturb the turbulent flame structure with the occasional wisps of flame that escape the water mist layer. The reason for flame expansion caused by water mist is attributed to the thick flammable vapor layer on the liquid surface when the water mist is applied. Application of water mist does not precede global fire extinguishment, and only the flame in volume changes with fluctuations. At the moment t0, burning rate is already large enough to result in a rather high momentum of the rising plume, which is sufficient to deflect the water spray. This allows to provide a sufficient duration to achieve a quasi steady unsuppressed flame condition when water mist was applied during the fully developed fire. As compared to the fire at 4.2 ACPH, combustion is more intensive with an enhanced HRR at ACPH above 38 by a factor of 50%. When water was applied for ACPH above 38 and under opening condition, the oscillations of the HRR are caused by an interplay of the gas-phase combustion within the mist cloud and the air entrainment towards the fire source, and duration of the unsteady state burning increases by a factor of two times. At 4.2 ACPH, the heptane fire weakens earlier and finally stops with a reduction in the fire duration by a factor of 100% by applying water mist. The water application has no significant suppression effects on HRR under opening conditions. Taking all the results in Fig. 4 History of the radiation heat flux from the flame and smoke/wall over the pyrolysis surface at various ACPH is presented in Fig. 5(a,b). A large amount of energy in the form of radiation is released from flame. The fully developed fire period with a heat flux above 10 kW/m 2 lasts till 100 s. During the second period when combustion environment is established, the heat feedback from the flame to the liquid surface tends to provide a constant heat flux of about 5 kW/m 2 . A heat feedback with a peak of 2 kW/m 2 from the smoke and hotter walls to facilitate a faster burning of liquid fuel with an accumulation of pyrolysis products inside the enclosure. At 4.2 ACPH, rapid evaporation of water mist yields enhanced latent cooling and less surface wetting, and efficient absorption flame and scattering of thermal radiation inhibit radiative flame emissions. The water mist with the spray of 60 m  is unable to suppress fire and, subsequent fire growth causes transition to the momentum regime, with the spray momentum being insufficient to bring droplets to the burning surface. As a result, considerable amount of droplets is deflected by the plume, inducing a cooling of smoke layer. An opening condition by removing the door results in a weaker heat feedback to the liquid surface due to enhancement of a smoke cooling. During the fire growth period before 750 s, the heat flux from the smoke and hotter walls reaches a maximum of 2 kW/m 2 for ACPH above 28. As shown in Fig. 6(a,b) for carbon monoxide and unburnt hydrocarbons at extraction duct, the growth rate of the unburnt gases becomes faster by applying water mist at ACPH of 4.2, generates a drastic increase in unburnt species concentration up to about 0.4%. This is attributed to the considerable proportion of water vapour distributed beyond the flame sheet. Under opening condition, the fire is in over-ventilated conditions with a negligible production of unburnt species. The under-ventilated regime with a production of unburnt gases is reached after applying water mist for ACPH above 38. Productions of CO and unburnt species are greater nearby the fire source by applying water mist especially at 4.2 ACPH.

Evaporation of water mist upstream from the flame also contributes to fire exhaust by increasing the concentration of unburnt fuels in the oxidizer. This additional unburnt fuels acts as a diluent in the combustion region, dissipating the heat released by the reaction and lowering the flame temperature. At low ACPH of 4.2, the evaporation of water droplets produces a large amount of unburnt fuels, which penalizes the mixing between fuel vapour and oxygen, affecting the combustion process and leading to the fire suppression. a) carbon monoxide b) unburnt hydrocarbons Figure 6. Impact of water mist on carbon monoxide and unburnt hydrocarbons at the extraction duct for various ACPH and under opening condition Fig. 7(a,b) presents impact of water mist on the history of oxygen concentration nearby the fire source and at the extraction duct for various ACPH and under opening condition. Nearby the fire source, the oxygen concentration at 4.2 ACPH decreases to 18% at a significantly faster rate relative to the case at ACPH above 38. With an increase of ACPH, air entering the compartment from the admission duct allows to bring more oxygen in the smoke layer. Before application of water mist, an oxygen concentration higher than 20% is maintained nearby the flame zone, globally corresponding to over-ventilated conditions for ACPH above 38. Extinction of a fire after applying water mist conducts to a rise of oxygen concentration regardless of ventilation condition. At ACPH of 4.2, lack of oxygen was identified as the main mechanism leading to fire suppression in a confined environment which is hot enough to result in a strong droplet evaporation. The turbulent enclosure fire seems fuel limited inside the reacting zone under opening condition with oxygen volume fraction of 20%. The ultra-fast growing fire can be maintained with an oxygen concentration above 17% at the extraction duct for ACPH above 38. After applying water mist, the oxygen starvation begins and the oxygenlean/fuel-rich layer is being formed in the smoke layer near the ceiling with a rapid fall of oxygen concentration to about 10% at 4. It is found that most of the water mist can't reach the burning surface leaving the burning rate unaffected because the spray momentum being lower than that of the buoyancy-induced plume one. Alternatively, considerable fraction of water does not penetrate down to the burning surface for reducing the burning rate via wetting. Suppression via water mist occurs primarily as flame quenching due to lack of oxygen below 16% nearby the fire source corresponding to oxygen volume fraction of 10% at the extraction duct.

Conclusions

A high ACPH favors an increase in air inlet velocity which follows closely the trend of the fireinduced pressure inside the compartment. Limiting the supply of fresh air into the compartment at low ACPH restricts the available oxygen, and a rapid deterioration in the flame structure immediately precedes global fire extinguishment after water mist application. A high ACPH including an opening condition has a combustion-supporting effect, and the flame keeps jumping and rolling, without preceding global fire extinguishment by application of water mist. These findings indicate that when water mist was applied during the fully developed fire, ACPH strongly affects the HRR transient variation, which is due to the interplay of flame-spray interaction. The lower ACPH of 4.2 results in greater water evaporation, which is enough to prevent fire growth. Inversely, at ACPH above 38, applying water mist procedure translates to a significant oscillation of the peak of gas temperature in a range from 300°C to 600°C due to the re-ignition of the unburnt hydrocarbon. A relatively hot environment is maintained around the fire source when water mist system was activated for ACPH above 38 without allowing a consecutive efficient cooling of the flame to the fire suppression. Only at 4.2 ACPH, the droplet evaporation leads to a strong heat sink which reduces the flame energy and smoke temperature. In a confined configuration, considerable amount of droplets is deflected by the plume, inducing solely a cooling of smoke layer. An opening condition by removing the door results in a weaker heat feedback to the liquid surface due to enhancement of a smoke cooling. During the fire growth period, the heat flux from the smoke and hotter walls reaches a maximum of 2 kW/m2 for ACPH above 28. At 4.2 ACPH, only a heat flux of 0.5 kW/m2 is maintained during a long time up to onset of fire exhaust. Evaporation of water mist upstream from the flame contributes to an increase in the concentration of unburnt fuels in the oxidizer. At low ACPH of 4.2, the evaporation of water droplets produces a large amount of unburnt fuels. Lack of oxygen was identified as the main mechanism leading to fire suppression in a confined environment which is hot enough to result in a strong droplet evaporation. Suppression via water mist occurs primarily as flame quenching when oxygen volume fraction is below 16% nearby the fire source corresponding to oxygen volume fraction of 10% at the extraction duct.

The future investigation aims to investigate the impact of fuel type on fire suppression by application of water mist. This is attributed to the fact that the distinction of whether mist suppression is primarily due to latent cooling (evaporation) or sensible cooling (water vapour dilution) is heavily dependent on fire power for a selected fuel.
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 1 Figure 1. Scheme of the experimental set up consisting of a mechanically ventilated enclosure fire with interconnecting ventilation system
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 3 Figure 3. Instantaneous flame images of compartment fire by applying water mist at 58 ACPH As indicated in Fig.4b, water mist is introduced at t0=600 s of experiment time under opening condition, t0=750 s at ACPH above 38 et t0=1000 s at 4.2 ACPH.At the moment t0, burning rate is already large enough to result in a rather high momentum of the rising plume, which is sufficient to deflect the water spray. This allows to provide a sufficient duration to achieve a quasi steady unsuppressed flame condition when water mist was applied during the fully developed fire. As compared to the fire at 4.2 ACPH, combustion is more intensive with an enhanced HRR at ACPH above 38 by a factor of 50%. When water was applied for ACPH above 38 and under opening condition, the oscillations of the HRR are caused by an interplay of the gas-phase combustion within the mist cloud and the air entrainment towards the fire source, and duration of the unsteady state burning increases by a factor of two times. At 4.2 ACPH, the heptane fire weakens earlier and finally stops with a reduction in the fire duration by a factor of 100% by applying water mist. The water application has no significant suppression effects on HRR under opening conditions. Taking all the results in Fig.4(a, b) together, these differences in fire development after water application clearly demonstrated the impact of ACPH on the suppression process. ACPH strongly affects the HRR

  (a, b) together, these differences in fire development after water application clearly demonstrated the impact of ACPH on the suppression process. ACPH strongly affects the HRR transient variation, which is due to the interplay of flame-spray interaction. a) without water mist b) with water mist
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 4 Figure 4. Impact of water mist on HRR for ACPH varying from 4.2, 38, 48, 58 and under opening conditions
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 5 Figure 5. Impact of water mist on the heat flux over the liquid surface from flame and smoke/wall for various ACPH and under opening condition
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 7 Figure 7. Impact of water mist on evolution of oxygen concentrations for various ACPH and under opening condition