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Optimization of the repartition of extraction vents in transverse ventilation

The present paper is aimed at showing the application of the concept of efficiency in comparing three different transverse ventilation designs, their efficiency in optimal conditions, and also their robustness to errors in fire localization, by running several simulations on these systems. This influence of the airstream velocity in the tunnel and the extracted air volume flow are examined. Practical recommendations are given in terms of acceptable error on fire localization.

I N T R O D U C T I O N

National guidelines of various countries differ when consideration the repartition and the size of extraction vents for a transverse ventilation system used for smoke withdrawal in case of fire. For example, the French guidelines for a non-urban tunnel enforce the use of 6 extraction points distributed on a length of 600 m, while Austrian guidelines (8) would favor a single, larger, extraction point. Several arguments may be used in favor of one or the other solution, for example, the need of an extraction concentrated as close as possible to the fire, or on the other hand robustness to errors of fire location. For some tunnel projects, specific studies were performed (e.g. Mos et al. [START_REF] Mos | Assessment of the improvement in fire safety provided by upgrading the ventilation system of a major road tunnel[END_REF]) but most of the knowledge remains empirical know-how.

In order to give prescriptions, French guidelines consider the case of a fire of 30 MW located at the center of the extraction points system. For transverse ventilation one aims to keep stratification of the smoke layer. To do so, the control of the air velocity is crucial. According to French guidelines (see [START_REF] Cetu | Dossier pilote ventilation[END_REF]) the airstream is said to be controlled if the airstream velocity at the fire location satisfies . If this is done, the prescribed extracted air volume flow must be equal to the volume flow of the smoke (called "design volume flow" further and equal to 80 m 3 /s for a tunnel with a height higher than 3.50 m, see (3)) plus one third, which set Q v = 110 m 3 /s. When the airstream is not controlled the extraction system volume flow is increased as compensation. In this case Q v must be at least equal to the design volume flow plus a volume flow corresponding to a longitudinal air velocity in the center of the extraction system equal to 1.5 m/s. For a tunnel with a cross-section equal to 50 m 2 this gives Q v = 80 + 1.5 x 50 = 155 m 3 /s. 11th-13th May 2011 Dundee

The concept of efficiency of a transverse ventilation system was introduced recently by Carlotti (2) and described more precisely by Oucherfi et al. [START_REF] Oucherfi | Definition and optimization of the efficiency of smoke extraction in a road tunnel[END_REF]. It allows, through the use of intensive numerical simulations, to simply quantify the relative effect of design choices.

The aim of this paper is to bring objective comparison elements for different choices of transverse ventilation design with respect to their robustness to error in fire localization.. Section 2 describes the simulated cases and in particular the different design studied. Section 3 is a qualitative discussion of temperature field obtained from the simulation. In section 4 the definition of efficiency is given and applied to the results of the simulated cases. Influence of the airstream velocity in the tunnel and the extracted air volume flow are discussed. Finally robustness to error in fire localization is discussed. Practical recommendations are given.

D E S C R I P T I O N O F T H E S I M U L A T E D C A S E S

. 1 D e s c r i pt i o n o f t h e s y s t e m

The tunnel has a cross section of 10 m wide and 5 m high. The simulated length is 600 m. It is open at the two extremities to the outdoor. The origin of the x axis is set to be the center of the simulated portion of the tunnel, so that the simulated length is comprised between x = -300 m and x = 300 m.

The smoke extraction duct, placed above the tunnel, is 600 m long with a cross section of 4 m wide and 2 m high. Its upstream side is closed and the downstream side is open. There the extracted air volume flow, Q v , is imposed. Its influence will be examined in the study. The mean velocity of the inflowing air on the tunnel cross-section at x = -300 m is denoted V e (see Figure 1). We define where n is the total number of extraction points, p the number of extraction point located at x < 0 m and S the cross-section of the tunnel. Thus, V 0 represents the mean velocity on the cross-section located at x = 0 m in the absence of fire. Obviously, this is not the mean velocity at the same cross-section in the presence of a fire located at x i . However, this quantity V 0 is used in practical design of tunnels (see ( 3)) as the reference velocity, and we follow here this choice.

We consider a fire of 30 MW which can be located at seven different locations :

x i = -150 m, -100 m, -50 m, 0 m, 50 m, 100 m and 150 m.

Following the French regulation (3), two cases are set as reference for the others. They both use eight extraction points and the fire is located at x i = 0 m. Case A corresponds to a situation where Q v = 110 m 3 /s and V 0 = 0 m/s and case B to Q v = 155 m 3 /s and V 0 = 1.5 m/s.

For the other simulations, first the extracted air volume flow Q v is set constant and equal to 155 m 3 /s, and the influence of V 0 is studied with three different values: 0 m/s, 1.5 m/s and 3 m/s. They correspond respectively to an inflowing air velocity V e equal to 1.5 m/s, 3 m/s and 4.05 m/s. Finally V 0 is set constant and equal to 1.5 m/s and three values of Q v are considered: 155 m 3 /s, 200 m 3 /s and 250 m 3 /s. All cases are summarized in Table 1. 

TABLE 1: TABLE OF THE SIMULATED CASES (IN GREY) AS A FUNCTION OF Q V , V 0 , X I AND THE NUMBER OF EX TRACTION POINTS . SEVEN ADD ITIONNAL

SIMULATIONS WERE ALSO RUN AS PRELIMINARY STUDY TO EXAMINE SENSITIVITY TO THE M ESH GRID SIZE AND TO THE CONVECTIVE HEAT

TRANSFERT COEFFICIENT (SEE FURTHER).

. N u me r i c al c o mp u t at i o n s . . 1 M o d e l i n g s t r a t e g y a n d a s s u m p t i o n s

The present work makes use of the Fire Dynamics Simulator (FDS, developed by NIST, USA, see (7)) and uses FDS code version 5.5.1.

Radiation is not taken into account in the modeling and thus the boundary conditions for all the walls (tunnel and duct) are convective conditions. More details are given in section 4.2.

Concerning the modeling of the fire source, we consider that one third of the 30 MW, that is 10 MW, are lost in radiation flux (see. We model the remaining 20 MW with a convective flux of 1 MW/m² on a rectangular surface of 8 m long and 2.5 m wide. An inert gas is also emitted at the location of the fire with a mass flow equal to 0.05 kg/m²/s and a molar mass equal to 30 g/mol. It is used as a tracer of the smoke. Following Rahmani [START_REF] Rahmani | Simulation des grandes échelles pour les incendies en tunnels[END_REF], the baroclinic term is neglected in our case (see (7)).
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All simulations were performed until the hot gas layer is stabilized. From the analysis of the results of the simulations, this is always reached before 300 s of simulation. It is to be noted that this is not the steady-state since heat diffusion in the walls is still in transient mode. However, this is not problematic for the present study.

. . P r e l i m i n a r y s t u d y

It is first important to balance pressure drop between each extraction points in the absence of fire to be in keeping with the common practice in tunnels. This balance is done in the present paper by choosing the cross section of each extraction point so that, in the absence of fire, the relative error between the extracted volume flow for the situation and the extracted volume flow for a perfect balance is less than 10% for the case of eight extraction points and less than 5% for two extraction points. In a real tunnel, obviously, all the extraction points would be adjusted in the construction stage and not modified afterwards. However, we need this simple trick in the numerical simulation because the numerical mesh cannot be refined enough to give the correct pressure drop through the extraction vents.

In order to evaluate the mesh sensibility, we performed simulations using two different mesh sizes: 430,000 grid points and 3,440,000 grid points. The results (mass flow, volume flow, etc.) show very few differences. Thus, the primary goal of this study being to compare a large number of cases, the mesh of 430,000 points was used. It corresponds to a CPU time of roughly 20 h per simulation and 100 simulations were performed, leading to a total computing time of 2,000 h.

Q U A L I T A T I V E D I S C U S S I ON O F T H E T E M P E R A T U R E F I E L D

Figure 2 shows the longitudinal slice of the averaged temperature field between 290 s and 300 s for four cases. For the four figures, the fire is located at x i = 0 m and h = 20 W/m²/K. Figure 2a Far from the fire the air temperature is around 20 °C, both in the tunnel and in the duct. The temperature above the fire is around 300 °C and the temperature of the hot extracted gases is comprised between 100 °C and 200 °C. The second definition of efficiency is the ratio of the quantity of a passive scalar (which can be an inert gas, for example CO) extracted by all the extraction points ( ) to that produced by the fire (

).

The advantage of this definition is that no mass is "lost" in the walls contrary to the previous definition where a portion of the buoyancy produced by the fire is lost in heating the walls. In the case of adiabatic wall, the two definitions are equal.

. 2 I nf l u e nc e of t he h e at l o s s t h r o ug h t h e w al l s

In order to reduce source of uncertainty and to perform sensitivity analysis, the heat transfer coefficient is set to be constant, therefore the heat flux is given by where is the difference between the wall and the gas temperature. Simulations have been performed using five values: h = 0, 10, 15, 20, 25 and 50 W/m²/K, with Q v = 110 m 3 /s, V 0 = 0 m/s. These values represent a large range of plausible values for h, including the local effect of radiative flux (even though they are not modeled, see (Erreur ! Source du renvoi introuvable.)). The aim of this analysis is to know which error is made when the value of h is changed. The results, presented in Figure 3, show that the value of varies considerably with h, contrary to that remains almost constant. For the rest of the study, h = 20 W/m²/K. For all the previous reasons, the following results have been obtained using the second definition of efficiency, , which is from now on referred as .

. 3 R e f e r e n c e c a s e s

The results of the two reference cases are given in We now want to choose an efficiency that will be set as a reference to compare the results of the simulations. From case B, we consider that an error of 100 m in the detection of the fire position is acceptable and thus, using results of Figure 4b, we set the efficiency reference equal to 0.65. We define then the efficiency reference range as the range of efficiency such that . This reference range will be reported in grey on the following figures and a given efficiency will be said acceptable if it is inside the reference range, which means that this efficiency is higher than the reference efficiency. It is important to note that the reference efficiency is only used to compare results. It must not be considered as an absolute reference.

. 4

I nf l u e nc e of t he ai r v e l oc i t y In this section the exhaust volume flow rate is fixed and equal to 155 m 3 /s. Figure 4 shows the evolution of the efficiency with respect to the fire location x i for three values of V 0 . For a speed V 0 = 0 m/s, the efficiency is always excellent (higher than 0.8). The systems with one or two extraction points are more efficient wherever the fire is located.

For a speed V 0 = 1.5 m/s or 2.5 m/s and one extraction point, the efficiency increases as x i increases and reaches a maximum value for x i = -50 m. Indeed for V 0 greater than 0, hot gases are pushed downstream and only a portion of them are extracted by the extraction point. As x i keeps increasing and is positive (fire located after the extraction point), the higher the speed V 0 is, the faster the efficiency decreases. For example, for V 0 = 2.5 m/s and x i = 50 m, the efficiency is equal only to 0.13.

The evolution of the efficiency for two extraction points and V 0 = 1.5 m/s or 2.5 m/s is similar to that with one extraction point. It is high when the fire is located upstream the 11th-13th May 2011 Dundee 9 two extraction points (x i -50 m) and decreases rapidly as the fire is located between or after the extraction points.

For a system with eight extraction points, the evolution of the efficiency is smoother. The maximum efficiency is obtained when x i = -150 m, that is when the fire is located upstream the extraction system, so that hot gases will be extracted by the eight extraction points. 

D I S C U S S I O N

In this last section we focus our interest on robustness to error in determining the location of the fire. The efficiency reference range reported on Figure 4 and Figure 5 has been based on a situation where the fire is located at the center of the extraction point system (x = 0), in accordance with French guidelines. For a fire located at x i , one can thus interpret the corresponding efficiency as the efficiency obtained for an error of x i meter 11th-13th May 2011 Dundee 10 in the fire localization. Further, the error is considered acceptable if the corresponding efficiency is inside the reference range. Figure 6 shows the algebraic distance between the fire and the center of the extraction points system such that the efficiency is higher than 0.65 for each system in the case where Q v = 155 m 3 /s is fixed. It clearly shows the influence of the airstream velocity. First, one can note that no error is acceptable when V 0 = 2.5 m/s for any system. Secondly, when V 0 = 0 m/s or 1.5 m/s and the fire is located upstream the middle of the extraction point system (x i < 0), error in the localization is always acceptable for all systems. On the contrary, when the localization error is downstream the middle of the system, the situation is very sensitive to the airstream velocity. When the airstream flow is perfectly controlled (V 0 = 0 m/s), a large error (150 m) is acceptable for the three ventilation designs but when it is not the case (V 0 = 1.5 m/s), no error is acceptable for a system with two extraction points, an error of 25 m is acceptable for one extraction point and 100 m for eight extraction points.

As a conclusion, one can state than that the control of the airstream velocity has a large influence on the acceptable error in fire localization. If the airstream is not controlled, a large attention must be paid to localize with precision the fire. Now we assume that the uncertainty of the devices used to localize a fire is known (for illustration we take 100 m hereafter). Using Figure 7, one can determine which minimum exhaust volume flow must be applied to obtain an acceptable efficiency. For example, for two extraction points, Q v must be at least equal to 200 m 3 /s, and for eight 155 m 3 /s is enough. For these two systems, whatever the incertitude is, a volume flow equal to 250 m 3 /s is enough to obtain acceptable efficiency. For one extraction point, an extracted 

C O N C L U S I O N

In this paper, the concept of efficiency has been applied to compare a large number of numerical simulations. The influence of airstream velocity and of the extracted volume air flow was analysed for three tunnel safety systems. The robustness of each system to error in fire localization is discussed and we show that, in the case where the airstream is not controlled, attention must be paid to the precision of the localization of the fire. The acceptable error ranges used in the present paper are asymmetrical and may be difficult to use in practice. Indeed, it is not always easy to know the actual direction of the longitudinal air flow in a tunnel at any given location and time. It is even more difficult to know what it will be after the traffic has stopped and the ventilation system has been activated. The actual acceptable error range may therefore be very narrow, highlighting the need for fast and accurate fire detection and good longitudinal air flow control in many cases. The efficiency of smoke extraction depends strongly on: longitudinal air flow control: active, closed-loop air flow control is an increasingly common feature of tunnel ventilation systems, and its interest is highlighted here; accurate fire localisation: all existing systems have weaknesses (response time, space accuracy, etc.); if smoke extraction performance is critical, it could be useful to install two types of systems that would complement each other, one of them being very fast (automatic incident detection, for example) and the other very accurate (such as thermal detection). It should also be noted that the efficiency of smoke extraction is not a variable that represents the level of safety in a tunnel by itself. Other important parameters include the fire size and the resulting ambient conditions: level of smoke stratification, concentration of toxic gases, visibility, length of the smoke layer, etc. However, considering the efficiency is important in the process of designing a cost-effective ventilation system. Different means of improving the performance of a ventilation system, such as increasing the extraction flow rate or adding longitudinal air flow control devices, may be compared using the efficiency criterion. Thus, when designing a tunnel safety system, efficiency calculations are an efficient tool to assess the cross influence on safety level of the precision of on one hand, the location of the fire by detection system with on the other hand the design of the ventilation.

FIGURE 1 :

 1 FIGURE 1: SCHEMATIC OF THE TUNNEL FACILITIES FOR 8 EXTRACTION POINTS. THE LOCATION OF THE FIRE X I MAY VARY FROM -150M TO 150M. The tunnel and the duct are connected by a system of one, two or eight extraction points located 50 m apart and symmetrically with respect to x = 0. The total extraction surface is around 8 m², split equally between the extraction points, (leading either to one extraction point of 8 m², or to two of 4 m² each, or to eight of 1 m² each). For commodity

  Figure2shows the longitudinal slice of the averaged temperature field between 290 s and 300 s for four cases. For the four figures, the fire is located at x i = 0 m and h = 20 W/m²/K. Figure2aand 2b correspond to the reference case with respectively Q v = 110 m 3 /s, V 0 = 0 m/s and Q v = 155 m 3 /s, V 0 = 1.5 m/s, and in both cases eight extraction points. Both Figures2c and 2dcorrespond also to Q v = 155 m 3 /s and V 0 = 1.5 m/s but there are two extraction points for Figure2cand there is one extraction point for Figure2d.

For the case corresponding 6 FIGURE 2 :

 62 FIGURE 2: SLICE OF THE TEMPERATURE FIELD FOR A) 8 EXTRACTION POINTS, Q V = 110 M 3 /S AND V 0 = 0 M/S B) 8 EXTRACTION POINTS, Q V = 155 M 3 /S AND V 0 = 1.5 M/S C) TWO EXTRACTION POINT S, Q V = 155 M 3 /S AND V 0 = 1.5 M/S D) ONE EXTRACTION POINT, Q V = 155 M 3 /S AND V 0 = 1.5 M/S. 4 E F F I C I E N C Y 4 . 1 D e f i ni t i o n Two definitions of the efficiency have been used in this study. They were introduced by Carlotti (2) and described more precisely by Oucherfi et al. (5). The first is "the ratio of the buoyancy flux extracted through all extraction points to that produced by the fire". The buoyancy flux characterizes the motion of the smoke due to heat-induced density difference. The buoyancy flux produced by the fire is lost either at the wall or through the extraction points of hot gas.

FIGURE 3 :

 3 FIGURE 3: EVOLUTION OF THE EFFICIENCY WITH RESPECT TO THE CONVECTIVE HEAT TRANSFER COEFFICIENT. SQUARE: , TRIANGLE: . Q V = 110 M 3 /S AND V 0 = 0 M/S.

FIGURE 4 :

 4 FIGURE 4: EFFICIENCY FOR Q V =155 M 3 /S FOR A)V 0 = 0 M/S, B)V 0 = 1.5 M/S AND C)V 0 = 2.5 M/S.

4 . 5 I

 45 nf l u e nc e of t he e x h a us t v ol u me f l ow r at e In this section we fixed V 0 = 1.5 m/s. Results for the efficiency are shown on Figure 5, for three different values of Q v : 155 m 3 /s, 200 m 3 /s and 250 m 3 /s. First, for systems with two or eight extraction points, an extracted air volume flow equal to 250 m 3 /s leads to high efficiency wherever the fire is located. Results are not available for one extraction point and Q v = 250 m 3 /s since the use of the coarse grid led to instability. The problem was solved using the fine grid but, but within the scope of this comparison paper we chose to not show them.

FIGURE 5 :

 5 FIGURE 5: EFFICIENCY FOR V 0 = 1.5 M/S FOR A)Q V = 155 M 3 /S, B)Q V = 200 M 3 /S AND C)Q V = 255 M 3 /S.

FIGURE 6 :

 6 FIGURE 6: ALGEBRAIC DISTANCE (X-AXIS) BETWEEN THE FIRE AND THE CENTER OF THE EXTRACTION POINTS SYSTEM SUCH THAT THE EFFICIENCY IS HIGHER THAN 0.65 FOR EACH EXTRACTION SYSTEM (Y-AXIS). Q V = 155 M 3 /S AND A) V 0 = 0 M/S, B) V 0 = 1.5 M/S AND C) V 0 = 2.5 M/S.

  equal to 200 m 3 /s does not improve the range of acceptable error with comparison to a situation where Q v = 155 m 3 /s.

FIGURE 7 :

 7 FIGURE 7: ALGEBRAIC DISTANCE (X-AXIS) BETWEEN THE FIRE AND THE CENTER OF THE EXTRACTION POINTS SYSTEM SUCH THAT THE EFFICIENCY IS HIGHER THAN 0.65 FOR EACH EXTRACTION SYSTEM (Y-AXIS). V 0 = 1.5 M/S AND A) Q V = 155 M 3 /S, B) Q V = 200 M 3 /S AND C) Q V = 250 M 3 /S.

  

Table 2 .

 2 The efficiency is better for case A.

	Case A	0.83
	Case B	0.76

TABLE 2 : EFFICIENCY FOR THE REFERENCE CA SES
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