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Feasibility and safety assessments of fixed fire-fighting systems for road tunnels

Water based fixed fire suppression systems are among the systems that may improve user safety in road tunnels. To properly assess the safety level those systems can lead to, CETU undertook an integrated study to help defining the objectives of fixed fire-fighting systems and to model the effects of those systems on a tunnel fire in a crude way as a first approach. The present paper is a review of the findings of this integrated study with a particular emphasize on modelling.

1

INTRODUCTION

Fixed fire-fighting systems (FFFS) based on water as the extinguishing agent, are often mentioned as safety improvements for road tunnels. So far, French tunnels are not equipped with such systems. In case of a fire, the mechanical ventilation is designed to provide a safe evacuation route to tunnel users to reach emergency exits. In some rare cases, the ventilation system may be either overwhelmed by the smoke production or unsafe to use because it would threaten some tunnel users (e.g. longitudinal ventilation in a two-way tunnel). For these cases, it could be worth assessing if, whether or not, FFFSs can improve the safety level. Therefore, CETU (French Study Centre on Tunnels) in association with DDSC (French security and safety authority) conducted a four-stages study on FFFSs, also aimed at reconsidering the PIARC position [START_REF]Fire and Smoke Control in Road Tunnels[END_REF]. The methodology of this study was a scenario analysis, inspired from the specific hazard investigations that have to be performed for all French tunnels longer than 300 m.

The first two stages of this study were focused on identifying fire scenarios for which FFFSs may be relevant and defining the objectives of a FFFS activation. The last two were part of a research cooperation between CETU and BG Consulting Engineers to assess the cost and the safety level reached by using a FFFS in a particular tunnel configuration.

In the following, we first summarize the results of the scenario identification and of the cost analysis made. Then the modelling methodology and assumptions are presented and a safety level assessment is derived. We conclude with a discussion of the results.

SCENARIO IDENTIFICATION FOR FFFS USE

To better frame the use of FFFS in road tunnels a global systemic approach of tunnel safety has to be carried out. This was done by identifying, in a first stage, tunnel fire scenarios for which FFFSs may provide an improvement in safety levels, and by defining the objectives of a FFFS activation in a second stage [START_REF] Tesson | Fixed water sprinkling systems for fire control in road tunnels[END_REF].

2.1

Criteria for scenarios definition To define typical tunnel configurations and fire scenarios, the following indexing criteria have been set up:

• Tunnel kind: one or two-way

• Ventilation system: longitudinal or transverse • Traffic conditions: free-flow, congestion and pile-up situation • Longitudinal airflow control: enforced or not • Fire Heat Release Rate: HGV (around 30 MW), HGV with highly combustible materials (100 MW), HGV with dangerous goods (200 MW) • Tunnel operation mode: no human monitoring or permanent human monitoring through CCTV system Combining all these criteria, leads to study about 144 different scenarios. Because 144 is far too large a number for carrying out detailed hazard investigations, a typical scenario has to be defined for analysis.

2.2

Typical scenario for further analysis From a user safety point of view, two-way tunnels raise more safety issues than one-way tunnels. Except in case of a ventilation breakdown or a pile-up situation downstream of the fire, user safety in one-way tunnels -especially those with longitudinal ventilation -is easier to tackle. In a way to define a typical scenario that can be considered as the most adverse one -from a FFFS efficiency standpoint -among the 144 scenarios outlined previously, we can narrow the scope of the scenarios to be studied to two-way tunnels.

In this kind of tunnels, transverse ventilation (without FFFS) brings a safety level satisfying French regulation (3) but longitudinal ventilation does not, as identified in [START_REF] Tesson | Fixed water sprinkling systems for fire control in road tunnels[END_REF]. However, there are a number of old two-way tunnels with longitudinal ventilation that would need upgrade. In such tunnels, installing a transverse system would be very expensive because the tunnel crosssection is too small to install ventilation ducts easily.

To reduce the number of cases to be studied, it was decided to focus the analysis on a 1500mlong old tunnel with no slope in a non-urban environment with a typical traffic of 2500 vehicles/day/direction. The geometrical characteristics of the cross-section are summarized in Fig. 1a (narrow width assumption). It was assumed also that HGVs are authorized, but dangerous goods prohibited. The monitoring level is assumed to be ensured permanently with a CCTV system.

For the other safety components, the tunnel is supposed to fulfil the requirements of French Circular 2000-63 (3). (ventilation system is represented as an indication)

FFFS objectives and activation issues

As stated previously, an analytical method was derived in (2) in order to outline the main objectives of FFFS activation from a user safety viewpoint. They can be summarized as follow, in chronological order:

• First, to improve the user self-rescue time • Second, to extend the time during which users who did not escape can be rescued by fire brigade • Third, to ease firemen extinguishing action • Forth, to protect the tunnel infrastructure To achieve those objectives, FFFS activation should avoid disturbing rather favourable evacuation conditions that may exist at the beginning of a fire (e.g. smoke stratification conditions in transverse ventilation).

In the particular case of the typical tunnel scenario previously described -two-way old tunnel with longitudinal ventilation -FFFS activation raises additional questions that have to be part of a specific safety assessment:

• Would the installation of a FFFS increase the safety level of the tunnel (keeping its original longitudinal ventilation)? • How does the cost of installation and maintenance of this FFFS compare with the cost of installation and maintenance of transverse ventilation? • What is the safety level of the longitudinally ventilated tunnel with FFFS compared with the transversely ventilated tunnel without FFFS?

For the sake of completeness, it was also decided to include in the study an assessment of a tunnel equipped with transverse ventilation and with FFFS.

The same issues were also investigated for a new tunnel (see Fig. 1b for geometrical characteristics). For such a tunnel, the current French regulation (3) would make transverse ventilation compulsory. In certain cases, the regulation may accept derogations provided it could be proved that a similar safety level is obtained.

TECHNICAL DESCRIPTION OF WATER BASED FFFS

In this section, we detail the different types of water based FFFS that are available on the market. Other extinguishing agents may be used in a FFFS such as foam or water with surfactants. However, water has become the most widely used fire-fighting agent because it is suitable as an extinguishing agent for most types of fire and its heat extraction characteristics are hard to beat. That is why in the present study only water based FFFSs have been considered. Then, we also derive a typical FFFS installation from manufacturers proposals that will further be used in safety assessment.

Overview of FFFS technologies

When dealing with FFFS based on water as an extinguishing agent, several principles are available on the market. Here we shortly describe some of the key features of such a system

Water network

For a tunnel it is assumed that the built-in fire hydrant network is not suitable for FFFS use mainly because of its low operation pressure, its low water quality and its limited water volume for both FFFS and firemen. A specific network of fixed pipes and spraying nozzles is needed (see Fig. 2 for typical installation sketch). Additional clear water supply and pumps are also required.

Fig. 2. Typical installation in tunnel of a FFFS and related equipments

Activation method

There are mainly two kinds of activation methods. The first one uses thermo-fusible bulbs or any detection/activation device built into the nozzle. This method is widely used for fire suppression in industrial warehouses and is referred to as 'sprinkler' activation method. The other method is to activate the nozzles by zones using a remote-controlled valve. This solution is known as 'deluge system'.

Droplet size

For an average droplet diameter (in a sense to be precisely defined, see (4) for details) smaller than 200 µm, the word 'water mist' is used. A more precise classification defines 3 classes depending on cumulative volume distribution [START_REF] Mawhinney | Water mist fire suppression systems[END_REF]. In particular, Class 1 sprays are defined as sprays in which 90% of the volume of water is contained in droplets of less than 200 µm in diameter. Systems that discharge droplets of mean diameter around 1000 µm are referred to as 'large droplet' systems in the following.

3.2

Typical FFFS installation Definition of the installation and cost evaluation of a typical FFFS for the selected tunnel types previously outlined have been mainly conducted from manufacturers proposals. CETU and BG Consulting Engineers canvassed manufacturers for quite detailed proposals given the tunnel typology and fire loads. A detailed analysis of those proposals can be found in [START_REF] Ponticq | Fixed fire-fighting systems for road tunnels: current status of French integrated studies[END_REF].

From this analysis it seems that water mist deluge-type systems are the most suitable systems for tunnels especially regarding water consumption (or application rate) and total spraying length. Therefore, a typical water based FFFS for our 1500m long two-way tunnel, based on a deluge-type water mist system (Class 1 spray) with a total spraying length of 100m and an application rate of 0.7 l/min/m 3 , was selected for the present study.

COST ANALYSIS

The aim of the cost analysis is to compare the cost of the transversely ventilated tunnel without FFFS with the other configurations, both in terms of investment and maintenance costs. The aim is to estimate the cost with a precision of about 20 %, using the hypothesis of medium difficulty geology.

Investment cost

The investment cost of a tunnel is mainly the boring cost, which is strongly dependent upon the geology of the ground. It is not possible to define a 'typical' ground that would represent the average cost of a tunnel. It was therefore decided to compute relative investment costs, which do not take boring into account.

For new tunnels, the cost is made up of the ventilation system related cost (including power supply), the cost of civil engineering for the ventilation system and the FFFS cost (including the system itself and the related premises).

For old tunnels, the cost is calculated assuming that the tunnel is initially longitudinally ventilated, and that the ventilation sizing is correct with respect to longitudinal ventilation requirements. For the upgrade to transverse ventilation, the tunnel cross-section is too small to accommodate the ducts, and an over-excavation is needed. In order to assess the cost of ventilation and FFFSs only, it was assumed that this over-excavation is performed with an unchanged roadway width.

The FFFS cost was computed using the data provided by manufacturers in their proposals. The investment costs in million euros (M€) are summarized in Table 1. 

Maintenance cost

The maintenance costs per year were estimated using a fixed percentage of the investment cost depending on the kind of equipment, following the method suggested by FEDRO, the Swiss Federal Road Authority. These costs, expressed in thousand euros (k€), are also summarized in Table 1. This maintenance cost does not include running costs such as electricity, manning, etc. An overview of typical maintenance efforts can be found in [START_REF] Ponticq | Fixed fire-fighting systems for road tunnels: current status of French integrated studies[END_REF].

SAFETY LEVELS ASSESSMENT

The main issue raised by FFFS installation, besides the cost, is the safety levels that can be reached with such systems in agreement with the objectives outlined in section 2. To assess this peculiar point it is necessary to model the effects of FFFSs at least in a crude way, and run this model for different fire scenarios. In this section we give an overview of the modelling performed and discuss the fire scenarios analysis.

Methodology

Basically, the effects of a FFFS on a tunnel fire can be analysed in terms of:

• Expected reduction of heat release rate (HRR).

• Diminution of gas temperature and total heat flux.

• Dilution of toxic gases and smoke scrubbing effect.

The analysis is conducted through simple models (1D, transient) which results are coherent with measurements collected during recent full-scale fire tests involving FFFSs [START_REF] Guigas | Dynamic fire spreading and water mist tests for the A86 East tunnel[END_REF]. These models allow the calculation of the ambient conditions in the tunnel (temperature, heat flux, humidity, opacity, concentration of O 2 , CO and CO 2 ) with and without activation of a FFFS. The choice of 1D models is justified by the widespread and convenient use of 1D models for simplified assessments.

To express these computed ambient conditions in terms of tenability limits, the 'Time to Incapacitation' method [START_REF] Purser | Toxicity Assessment of Combustion Products[END_REF] is applied. This method consists in calculating, for each simulation time step, the fractional incapacitating dose (denoted FI) related to the above-mentioned factors. These FIs are summed along the time for each spatial step representing the numerical model of the tunnel. As soon as the effective dose attains unity it is considered (8) that the incapacitation threshold is reached (tenability limit) within the corresponding part of the tunnel. This method, that does not take into account the movement of the people in the integration of the incapacitating dose, allows an easy comparison of the extension of dangerous zones in the tunnel with and without FFFS.

In the following subsections we will detail the main assumptions made at each step of this methodology.

HRR reduction

A distinction has been done between reduction of HRR of a single burning object (car, truck) and reduction of HRR by limitation of fire spreading between vehicles. The first phenomenon is discussed hereafter, the second is related to reduction of gas temperature and heat flux, phenomena which are discussed in a dedicated subsection.

For pool fires, it is generally admitted that the HRR reduction by FFFS is achieved by the following main two cooling mechanisms:

• flame cooling (vaporisation of water in the body of the fire)

• cooling of the surface of the fuel (vaporisation of water on the surface of the fuel).

Even if a realistic fire in a tunnel is quite different from a pool fire, in the present study we will stick with this assumption for HRR reduction.

The mass flow rate of water sprayed into the body of the fire reduces its mean temperature (flame or plume temperature) and therefore diminishes the heat flux radiated towards the fire source (heat feedback towards the burning surface). The fuel vaporisation rate being proportional to the incident heat flux, its reduction will result in a diminished power of the fire source. Similar mechanism takes place in the case where water reaches the burning surface, energy taken from the fuel by water vaporisation will diminish in proportion the fuel vaporisation rate. This mechanism of HRR reduction by flame cooling is illustrated schematically on Fig. 3.

(a) (b)

Fig. 3. Schematic analysis of HRR production without FFFS (a) and with FFFS (b)

It has been observed that the time needed for the evaporation in a flame of a droplet discharged by a large droplet system is longer by two orders of magnitude than the one needed for the evaporation of a water mist droplet. This observation helps us appreciate the differences between the mechanisms operating in large droplet systems and water mist systems:

• Large droplet systems: relatively low flame cooling effect (low evaporation) but possibility of drops penetrating down to the fuel surface (high wetting power). • Water mist systems: good flame cooling effect (high evaporation) but no likelihood of drops penetrating to the surface of the fire source.

Up to now there is no reliable measurement or test allowing to say which of the above mentioned phenomena is dominating the mechanism of HRR reduction and, therefore, no conclusion can be drawn on a better efficiency of one system over the other.

Because a tunnel is not an enclosed volume, ventilation flow is constantly renewing the air around the fire, meaning that the HRR reduction due to O 2 displacement by water vapour can only occur very locally in the flame. It is therefore assumed that this mechanism may not play a major role in the reduction of the fire heat release rate.

HRR reduction is calculated from a model based on energy balance within a variable control volume delimited by the flame surrounding the burning object. This model takes into account both the quantity of water that is brought by the air supplying the fire and the water that is directly sprayed within the control volume.

Temperature and heat flux reduction

In addition to HRR reduction, reduction of the temperature of the gas emitted by the fire is usually observed with FFFSs. This mechanism is due to the heat transfer between the hot gas layer and the water droplets leading to vaporisation of part of the sprayed droplets. Given a certain quantity of water discharged by the FFFS, the vaporisation efficiency, and therefore the temperature reduction, is a function of the droplets size, smaller droplets leading to a bigger exchange surface.

The model used to analyse the ambient conditions takes into account the thermodynamic relations relative to humid air [START_REF] Carlotti | An integrated safety study for the use of Fixed Fire-Fighting Systems[END_REF]. The mass of water contained in the air (vapour) at a given temperature is calculated via saturation pressure. It is admitted that the water sprayed downstream of the fire is vaporized until saturation of the ambient gas.

The diminution of the global heat flux from the fire and the hot smoke layer is of the utmost importance for the limitation of fire spreading risk. Figure 4 indicates measured reductions of the global heat flux at 10 m downstream of the fire. • The rate of radiation transmission depends on the diameter of the drops discharged by the spraying system. Maximum attenuation is obtained with droplets whose diameter is of the order of magnitude of the wavelength corresponding to the maximum emission from the source (about 2 µm for a black body at 1300 K). The attenuation decreases as droplet diameter deviates from this value. • For the same droplets size distribution, the rate of radiation transmission decreases as the flow rate of the discharged water increases.

Toxic gases production and dilution

The interaction between a FFFS spray and the smoke and toxic gases consequent of a fire can be expressed in terms of three different phenomena.

Modification of the production rate of toxic gases

Production of toxic gases is a function of the HRR and the combustion efficiency of the concerned fire. On the one hand, HRR reduction due to FFFS will reduce the toxic gases emitted, but on the other hand FFFS is likely to reduce the combustion efficiency (reduction of the combustion temperature), contributing to a possible increase of toxic gases emissions. This is true in particular for CO but not for CO2, its production being only controlled by HRR, as outlined on Fig. 5. The benefit of FFFS on toxic gases production is therefore difficult to define properly. 

Dilution of toxic gases

Tests performed by BG Consulting Engineers have shown that the water mist spraying system does not lead to a substantial reduction (dilution) of the CO, CO 2 and NO 2 content downstream of the fire source. This is mainly due to non-solubility of these chemical species in water at pressure and temperature conditions consequent to a tunnel fire.

However, sulphur dioxide (SO 2 ), hydrogen chloride (HCl) and cyanide (HCN) easily dissolve in water, this dilution having been observed experimentally during full-scale fire tests. This can be a strong advantage brought by FFFS as cyanide (for example) is an extremely poisonous gas (combustion of insulation material as polystyrene and polyurethane foams).

As other mass transfer phenomenon, dilution is related to the exchange surface and to the time during which this exchange surface is submitted to the toxic gas. Therefore, water mist systems, with large number of small droplets (large exchange surface) and relatively slow droplets fall, have bigger dilution potential than sprinkler systems.

Smoke scrubbing

Smoke scrubbing (drainage of part of the soot contained in the smoke) has also been observed in some extent during full-scale fire tests with longitudinal ventilation [START_REF] Guigas | Dynamic fire spreading and water mist tests for the A86 East tunnel[END_REF]. The efficiency of this scrubbing increases as the droplet size decreases and the water flow increases. A specific model has been developed in order to include this scrubbing effect in the calculation of ambient conditions.

5.5

Tenability conditions in hot and humid environment As FFFS can bring large amount of water vapour in the gas transported by the ventilation system, it is important to take into account the humidity in the calculation of incapacitation due to convective heat.

Figure 6 shows the tenability criteria used during this study. The curve for HR < 10% represents the temperature -time to incapacitation dependency from [START_REF] Guigas | Dynamic fire spreading and water mist tests for the A86 East tunnel[END_REF]. The other curves represent our assumption for time to incapacitation integrating relative humidity of the hot combustion gases. These curves are based on the observations mentioned in ( 8): (i) body burns can appear rapidly for saturated air at 80° C and, (ii) saturated air at 60°c is bearable during 30 minutes. 

5.6

Fire scenarios and results For two-way tunnels without FFFS, the strategy in France is to preserve stratification at least for a self-rescue period immediately after the beginning of the fire. To enhance the safety level a FFFS may bring in a two-way tunnel with longitudinal ventilation, a fast activation scenario was selected. It was assumed that 5 minutes after the beginning of the fire, the FFFS and the ventilation are both fully operational.

Concerning the fire source terms, three typical heat release rates were studied, corresponding to 15, 30 and 100 MW without FFFS, based on fire scenarios developed in [START_REF] Cetu | Les études spécifiques des dangers (ESD) pour les tunnels du réseau routier[END_REF]. The longitudinal air velocity was assumed to be reduced from 3 m/s to 1.5 m/s in fire operation mode. It is reminded that the FFFS considered is a water mist system with relatively high water flow.

The fire scenarios described above were used to assess the safety level a FFFS can provide in all selected tunnels types previously outlined. However, due to the choice of a 1D model, only the cases where the smoke is not stratified could be studied with some confidence. In the case of a 30 MW fire in the selected old tunnel with longitudinal ventilation, it can be seen from the comparison of Fig. 7 and 8 that a fast activation of a FFFS can improve the safety conditions especially downstream of the fire. Qualitative comparisons of the ambient conditions computed for a 30 MW fire in the old tunnel equipped with longitudinal ventilation are described in Table 2. Reduction of the length of the dangerous zones (untenable conditions). Related to HRR reduction.

Visibility downstream fire place

Poor where smoke is not stratified.

Improvements could be expected for the tunnel portion where, w/o FFFS, the smoke is not stratified. These improvements are due to smoke scrubbing and reduction of soot emission (related to HRR reduction).

As a baseline for further analysis of the results shown in Fig. 8, let us consider the case of transverse ventilation without FFFS. It is estimated that, because stratification can be preserved, the safety level, for a 30 MW fire, is acceptable at least during the first 15 minutes. From the heat and gas tenability maps in Fig. 8, we can conclude that longitudinal ventilation with FFFS activated automatically brings a safety level as good as transverse ventilation without FFFS would during the first 15 minutes. Beyond this time limit, the conditions are still reasonably good.

For a larger fire (100 MW heat release rate without FFFS), transverse ventilation may be overwhelmed by smoke production. Therefore it is worth assessing the safety level brought by longitudinal ventilation with FFFS for such a fire. In this particular case, the tenability conditions are not as bad as could be expected ( 9), but the lack of knowledge on transverse ventilation for such a large fire deprives us of a reliable comparison baseline.

Further studies

The model presented previously computes the effect of a FFFS on a tunnel fire in a crude way. Many assumptions have been made to provide a first assessment of FFFS in a two-way tunnel with longitudinal ventilation. The use of a 1D model for the smoke flow is one of the main shortcomings of the present study. Therefore, extra modelling and validation are required.

To model in a proper way the effects of FFFSs, some knowledge is needed about the influence of the following phenomena on the overall efficiency of the system:

• Heat release rate reduction due to water discharged in the fire, depending on the fuel nature and fire geometric configuration To get a better insight into those phenomena, BG Consulting Engineers and CETU are currently preparing a study program based on both a theoretical CFD-oriented study and small and full-scale experiments. The aim of the small-scale experiments is mainly to narrow the scope of full-scale tests by determining optimum parameters for the FFFS to be used -scaling issues having to be assessed with care -but also to provide valuable experimental data to validate the CFD approach. Due to the cost of full-scale tests, partners are welcomed in order to share the organisation, costs and results.

CONCLUSION

This paper gives an overview of the integrated safety studies conducted by CETU to assess FFFSs for road tunnels. Scenarios for which FFFSs may be relevant in terms of users safety and the objectives of FFFSs were first established as part of a global systemic approach of tunnel safety. After a brief review of operation principles of FFFSs, cost and safety levels assessments were performed for FFFSs in two-way tunnels. The main goal was to compare the cost and safety of:

• A transversely-ventilated tunnel without FFFS, which is usually considered as providing safety levels satisfying the French regulation (3) • A longitudinally ventilated tunnel with FFFS.

To assess the safety level in that latter case, a 1D modelling of the effects of FFFSs was performed. Despite some shortcomings that would need extra validation, the model tends to show that the safety level provided by a FFFS in a two-way tunnel with longitudinal ventilation may be as good as in a the same tunnel with transverse ventilation and no FFFS. Moreover, the investment and maintenance costs of such a system are much smaller than the cost of transverse ventilation, especially when upgrading an existing tunnel. Therefore, FFFSs for road tunnels seem to be worthwhile to study in details. A methodology is proposed to get a better insight into the unresolved questions in FFFS effects on a fire in tunnel. The next steps planned by CETU are thus to work on the 3D modelling of the effects of FFFS using CFD, through a PhD project, and to perform (or participate in) some smallscale experiments to provide some firm ground for safety level assessments. Full-scale experiments will be performed later on. However, not much is known about the behaviour of tunnel users trapped in an opaque but not lethal atmosphere as the one created by FFFSs. Some research would be needed in this direction too.
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 1 Fig. 1. Geometrical characteristics of the cross section of old (a) and new (b) tunnels.(ventilation system is represented as an indication)
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 4 Fig. 4. Comparison of global heat flux at 10 m downstream of the fire with and without a FFFS (from full scale tests data (7)) The global heat flux at the surface of an object located around the fire can be decomposed in mainly a convective heat flux and a radiative one. Reduction of the convective heat flux is obtained through HRR and gas temperature reductions and therefore refers to the above discussion. Concerning reduction of the radiative heat flux, water spraying and in particular water mist systems are known to form a barrier to radiative heat flux. The mechanisms are (i) partial absorption of the radiative energy by water droplets and (ii) diffraction of the radiated energy. Numerous authors have already undertaken quantitative studies on the interaction between radiation and water spray and their main conclusions are (10):• The rate of radiation transmission depends on the diameter of the drops discharged by the spraying system. Maximum attenuation is obtained with droplets whose diameter is of the order of magnitude of the wavelength corresponding to the maximum emission from the source (about 2 µm for a black body at 1300 K). The attenuation decreases as droplet diameter deviates from this value. • For the same droplets size distribution, the rate of radiation transmission decreases as
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 5 Fig. 5. Schematic reduction of CO 2 and CO production rate due to FFFS activation
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 6 Fig. 6. Integration of relative humidity in the calculation of time to incapacitation.
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 77 Fig. 7. Ambient conditions for 30MW fire w/o FFFS.
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 8 Fig. 8. Ambient conditions for 30MW fire with FFFS.

Table 1 . Summary of the selected tunnel types and associated investment and maintenance costs. (maintenance cost in brackets)

 1 

		Longitudinal	Longitudinal	Transverse	Transverse
		ventil. w/o	ventil. with	ventil. w/o	ventil. with
		FFFS	FFFS	FFFS	FFFS
	New	1.5 M€	4.2 M€	8.8 M€	11.6 M€
	tunnel	(36 k€/year)	(95 k€/year)	(131 k€/year)	(190 k€/year)
	Old	0 M€	2.7 M€	17.7 M€	20.4 M€
	tunnel	(36 k€/year)	(95 k€/year)	(145 k€/year)	(204 k€/year)

Table 2 . Qualitative comparisons of ambient conditions with and without FFFS for a 30 MW fire in an old tunnel with longitudinal ventilation Probable situation without FFFS Probable situation with FFFS

 2 

	HRR	Nominal (30MW)	HRR reduction up to 50% (from used model).
	Smoke		
	stratificatio		
	n	Unstratified smoke layer.	Unstratified smoke layer.
	downstream		
	fire place		
			For a 30MW fire w/o FFFS the HRR
	Heat	Large zones showing untenable	reduction together with the smoke
	downstream	conditions (hot layers or mixed	cooling would lead to tenable
	fire place	smoke).	conditions (apart from vicinity of the
			fire).
	Toxicity	Large zones showing untenable	
	downstream	conditions downstream fire seat	
	fire place	(unstratified areas).	

•

  Visibility conditions in the spraying zone consequent to soot/water interaction • Toxic gases solubility in water • Fire combustion regime under FFFS operation • FFFS influence on smoke stratification mainly in the case of transverse ventilation with FFFS. • Optimum FFFS parameters (droplet size, application rate, nozzles location, etc)
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