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Designing smoke removal at the platform level of a metro station

When a fire occurs at platform level of a metro station, the main challenge is to be able to prevent smoke from reaching concourse level. In order to do so, the French regulation is purely prescriptive, but it is known that these prescriptions are not enough to guarantee a correct result, especially when the station is equipped with full-height platform doors. The present paper analyses conditions and criteria to reach a correct smoke removal in a test configuration.

INTRODUCTION

In an underground metro station, smoke removal pursues three goals: to maintain evacuations usable for public, to confine the fire propagation and to ease the operation of fire fighters. This is consistent French regulations in accordance to Article DF 1 of decree of 25 June 1980 on fire safety in establishments open to public [START_REF] Bonnet | Order of 25 June 1980 approving the general provisions of the safety regulations against the risks of fire and[END_REF]. When designing a smoke removal system, these three aspects must be taken into account in order to design something efficient and safe.

Several studies have been carried out on metro smoke removal systems. To cite a few of them, [START_REF] Ahmed | Smoke spread in underground metro station[END_REF], compared having one or multiple extraction points and their distance as a function of the efficiency of the system and conclude that multiple points of exhaust where better than one. Using the efficiency concept introduced by [START_REF] Oucherfi | Definition and optimisation of the efficiency of smoke extraction in a road tunnel[END_REF] in a case of a road tunnel, [START_REF] Li | A simulation study on the smoke control effect with different smoke exhaust patterns and longitudinal air supply for ultra wide tunnels[END_REF] compares the difference of the flow behaviour in the case of top and side wall exhaust. References [START_REF] Golpaygan | Impact of platform edge doors on ventilation requirements of underground transits systems[END_REF][START_REF] Santoso | Optimisation of smoke ventilation strategy in a typical underground metro station fire, Fire & evacuation modelling technical conference[END_REF], made a comparison between integral and semi-integral platform screen doors (PSD) but give different observations. For the first one, the ventilation system of the tunnel is used to exhaust smoke, so semi-integral PSD are more efficient. For the second one, full PSD are more efficient but require convenient ventilation systems on the platform level to renew the air and a more careful design. In order to prevent smoke from leaving platform level to upper levels, [START_REF] Lin | The safety evacuation for deep buried metro station fire[END_REF] recommends a full separation of metro platform from the rest of the station, notably from the stair allowance. However, it could be less efficient for the intervention of fire fighter. In the UK, [START_REF] Legg | Acceptability of air velocity from a human thermal comfort and safety perspective[END_REF] conducted a study on the sensitivity of users on the maximum incoming air velocity during an evacuation. This study supports the French Technical Instruction (IT) on smoke removal in establishment open to public [9]. As a matter of fact, Article 3.3 of IT impose that fresh air velocity must not exceed 5 m/s. In addition [START_REF] Louie | Coupling ventilation and egress analyses to design a safer station[END_REF] made a comparative study on the effect on the egress time when coupled or not with a fire simulation. They conclude on the necessity of coupling the two simulations because of the elongation of the egress time when coupled. Finally, as we are in the case of fairly large scale ratios, where the length of the platform is larger than its height and width, [START_REF] Wegrzynski | Choosing a fire ventilation strategy for an underground metro station[END_REF] carried out a study on applying longitudinal ventilation (inspired by road tunnel smoke removal strategies) to metro stations. They argue that it is more efficient to use longitudinal systems than more classical systems, at least in the absence of full height PSD.

The common feature of all the studies presented above is that they involve experimental tests or numerical simulations. It is true that accurate results for a study or the implementation of a smoke exhaust system cannot be obtained without this due to the singularity of each geometry. However, all these studies are time and money consuming to the people who carry them out. In this paper a comparison is made between numerical simulations and the theoretical model classically used in zone models, in the case of large scale ratios. The aim is to see for the case of a metro station whether simplified models can be used as pre-sizing tools to reduce the design time.

In the present work, we are interested in the idealized case of a fully developed fire at the platform level of metro station. The fire does not spread, and we look at the stationary phase when there an equilibrium between the smoke produced and the smoke extracted. We do not consider the users or their evacuation time. We use several extraction points which are placed on the side of full height PSD.

The article is constructed as follows. Section 2 presents the geometry chosen for this study. Section 3 presents the theoretical approach of zone codes applied to our geometry. Then, in Section 4, we present the numerical simulations performed and the behaviour of the resulting flow. Finally, in Section 5, we discuss and compare the analytical and numerical results.

DESCRIPTION OF THE METRO STATION

We decided to focus on a simplified geometry of a metro station with full-height platform screen doors, and to concentrate on the platform level, see figure 1. The smoke removal vents are placed above the platform doors. On the opposite side, we have the opening giving access to the upper mezzanine, protected from the platform by a containment screen, see figure 1. We decided not to include any stairway in our simulations so that the situation remains generic as their locations are given by the architects and change in every projects. Moreover, the location of the fire is in that case always unfavourable since the fire is now always facing an area open to the upper level. As shown in figure 1, due to PSD, we can reduce our geometry and only keep one platform instead, to have smaller domains and less computing time, see figure 2. We consider two cases for the length of the platform, 16 m and 32 m. This corresponds to very short trains representative of Light Transit Rail (LTR) systems, as platform in Heavy Transit System can reach a length of 100 m or more. However, we decided to focus on this case for its own interest, and also as a building block for further studies on longer platforms. Furthermore, it makes it more meaningful to compare the results with estimated from analytical solutions such as the one used in zone models.

Finally, we decide to locate extraction vents above the PSD, and of rectangular shape of length ld and height hd. They are evenly distributed along the length, at the top of the full height platform doors. In the case of the 16 m length, (ld, hd) = (1.6, 0.6) m and for the 32 m length case, (ld, hd) = (2.5, 0.5) m. For each length and heat release rate considered, we also want to vary the height of the containment screen, so we decided to set it at the value hc = 2 m and hc = 1.5 m. See table 1 for main parameters of the simulations. We use as initial value for the temperature T0 = 20°C and for the density ρ0 = 1.2 kg/m 3 and g = 9.81 m/s 2 the acceleration of gravity. Specific heat is given by tabulated values in CFD simulations, and we use Cp = 1000 J/(K.kg) in analytical models, see [START_REF] Lemmon | NIST 72. NIST Thermophysical Properties of Air and Air Component Mixtures: AIRPROPS[END_REF]. The position of the fire is kept the same all along the study. We favoured to focus on the variation of the extracted flow rate and the variation of height of the containment screen.
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THEORETICAL APPROACH At first, we recall the classical theoretical approach to estimate the mechanical extraction flow rate required to extract smoke and reach a steady state where smoke is confined in the upper layer of the platform level [START_REF] Morton | Turbulent gravitational convection from maintained and instantaneous sources[END_REF][START_REF] Hunt | Classical plume theory: 1937-2010 and beyond[END_REF]. The containment condition corresponds to a horizontal interface between smoke and fresh air located at Z = H -hc in order not to have smoke at the mezzanine level. To predict the extraction volume flow, the first step is to write conservation equations of mass, energy, and momentum in terms of the heat release rate, and then to match these equations with a plume model representative of the fire, see figure 3. For the plume equation, see e.g. [START_REF] Hunt | Classical plume theory: 1937-2010 and beyond[END_REF]:

{ 𝑢(𝑧) = 3.57 𝑄 ̇𝑐 1 3 𝛼 2 3 𝑧 -1 3 𝑑(𝑧) = 2.4 𝛼 √ 𝑇 𝑇 0 𝑧 Δ𝑇 𝑇 0 = 2.77 𝑄 ̇𝑐 2/3 𝛼 4 3 𝑧 - 5 3 
(eq. 1)

These equations give us the diameter d(z), the vertical velocity u(z) and the difference of temperature ΔT/T in the plume at each height z as function of the heat release rate Q ̇c and α the fresh air entrainment coefficient. This coefficient, empirically set at 0.1 [START_REF] Heskestad | Fire plume air entrainment according to two competing assumptions[END_REF], give the rate of mixing of smoke and air at the interface of the plume.

Figure 3: Source point (-) and source point with virtual origin correction (-) that change the value of d, u and T for a given layer height

Virtual origin correction could be done by replacing z by (z-zv). Here, we chose to keep zv = 0 because there is no general value representative of all fires [START_REF] Heskestad | Fire plume air entrainment according to two competing assumptions[END_REF].

In our case with mechanical extraction, we extract a given amount of smoke through the vent. We then have an equilibrium between the mass flux injected by the plume Qm at the height z to the upper layer, and the mass flux extracted from this upper layer, Qe, see [START_REF] Linden | The fluid mechanics of natural ventilation[END_REF] and [START_REF] Carlotti | Fire physics in buildings and smoke control[END_REF] in the context of mechanical extraction. It allows us to compute the flow rate to extract in order to keep smoke layer at height z as function of the heat release rate of the fire, see [17, eq. 3.3.1]:

𝑄 𝑒 = 𝐴 1 𝛼 4/3 𝑍 5 3 𝑄 ̇𝑐 1 3 + 𝐴 2 𝑄 ̇𝑐 (eq. 2)
With A1 = 7.54 m 5/3 / (s 1/3 J 1/3 ) and A2 = 2.84 m 3 /J and Q ̇c is expressed in megawatts (MW). We can also compute the temperature of the smoke layer. As we can see on figure 4, the model predicts a relatively small values for the volume flow extracted, of order 3 to 6 m 3 /s, even if we wanted to drain all the smoke layer.

NUMERICAL SIMULATIONS 4.1

Hypothesis of calculus Using the same geometry, now we use CFD to estimate smoke layer interface and necessary extraction volume fluxes. We use FDS simulation code [START_REF] Mcgrattan | Fire Dynamics Simulator user's guide[END_REF]. Verification and validation process of FDS [START_REF] Mcgrattan | Fire Dynamics Simulator Technical reference guide[END_REF], together with comparison of FDS results to real fire experiments (e.g. [START_REF] Carlotti | Smoke motion: comparison of experimental data with simulations[END_REF]) gives us confidence on the result.

We use parallel computing, dividing the geometry presented figure 2 All the wall are adiabatic. By doing this, we do have not have any loss of heat through wall, like in the theoretical model. Furthermore, it is the worst case since all the heat is kept in the fluid domain. We use heptane for the combustion model (e.g. [START_REF] Ahmed | Smoke spread in underground metro station[END_REF]). Each simulation ran for 600 seconds. Outputs values are saved each 1 second. Analysing time dependency of velocity and temperature shows that steady state is reach in less than 100 seconds, and we decided to use the last 300 s of each simulation to compute averages for the steady state. Tables 2 and3 Results for reference case With respect to the results of the simulation, we decided to first analyse in depth the behaviour of the flow in one case chosen as reference. This reference simulation is the B_16_1000_01 case with hc = 2m, L=16m, Q ̇c = 1 Mw and Qe = 23.9 m3/s (in bold in table 2). The fire produce smoke that accumulates underneath the ceiling of the platform level. The smoke removal system extracts smoke and also fresh air. The aspiration of fresh air creates a flow from the mezzanine level and under the containment screen that encloses the smoke at the platform level.

First, looking at the horizontal coordinate of the velocity, v in the transverse plan X=10m, we can see that we have recirculation zones at the corners of stair allowance and at the bottom near the full height platform doors and others on the mixing layer between fresh air and hot smoke, see figure 6. By looking at the temperature at the same location, we also can see that contrary to what is assumed by the theoretical model, the smoke layer is not fully horizontal but diagonally due to the entrance of fresh air, see figure 7. We now look at a longitudinal view of the temperature adjacent to the containment screen doors (Y = 3.95 m), figure 8. We can see that in addition to its non-horizontality in the Y direction, the smoke layer has different height depending on the distance to the fire in the X direction. We define transverse sections A to D as depicted in figure 8. Near the fire, (Section A), we have a thick smoke layer. If we look at Section C, we can see that the layer of hot air, considered as smoke, gets thinner as we move away from the fire. When stopped by a wall, this layer builds up and increases in thickness again, (Section D). Figures 9 to 12 present the temperature respectively at sections A, B, C, and D. We can see (figure 9) that between the wall and the fire, we have a large amount of smoke that is also bound on it. We can also very well see punching effect, with fresh entrained into the vent, even if the smoke layer is thick. This fresh air tongue contributes to large scale circulation leading to the presence of smoke at the platform height. As said before, we can see on figures 10 to 12 the fact that the layer of smoke is thinner as we move away from the fire and then become thicker again as we reach the opposite end wall. We can see, figure 9 and 10 that we have smoke that goes under the containment screen and climb to the mezzanine level. This trend is intermittent and only near the fire. As the amount of smoke is small, and in average, the velocity profile is always negative, i.e. only fresh air is coming inside the platform level, we decided to choose this simulation as reference case and consider it safe

Influence of main parameters

In order to analyse the influence of main parameters on the release of smoke underneath the containment screen, we chose to discretise our area in eight surface of 2 m length, and we calculate the average horizontal velocity profile on this surface. If for all eight mean velocity, the velocity remains negative, smoke is confined to the platform level, and the design is considered as safe. Figures 13 and14 show the velocity profile at each area for our reference case and for the case B_16_1000_03, with Qe = 17.7 kg/m 3 . We can see on figure 13 that velocity is lower between the fire and the adjacent lateral wall (Areas 1 and 2) and, on figure 14 that Areas 1 and 2 are the locations where smoke starts passing under the containment screen. The same method was applied to all simulations listed in tables 2 and 3, leading to an estimation of whether the situation can be considered as secure, see tables 4 and 5. 5: Results for all the simulations and security criteria hc = 1.5 m Figure 15 presents snapshots of horizontal velocity for different cases. The colour scale is the same for all figures. The velocity is negative in blue and positive in red and given between -2 m/s and 2 m/s. For a same configuration, by decreasing the volume flow extracted, we can clearly see that the smoke decontainment first appear near the fire (X=5m).

Name

DISCUSSION

5.1

Safe and unsafe cases From tables 4 and 5, we have a global view of safe and unsafe conditions. For the family of simulations with L = 16 m, with hc = 2 m, we have simulations with safe and unsafe case. We can see that in every "YES" cases, the hourly extraction volume largely exceeds the value given by the prescriptive French regulation of 15 times the volume of the room per hour. Comparing hc = 1.5 m to hc = 2 m, we see that the flow rate must be increased by more than 50% to get a secure situation.

In the case of the length L = 32 m, the present configuration we did not manage reach a secure configuration, even with very large extraction fluxes. This is because most vents far from the fire participate very inefficiently to the extraction. But oddly, theoretically we should not have to increase the value of the volume flown imposed when going from 16 to 32 m length of the platform.

Using the data from case B_16_1000_03, the volume of the room extracted per hour is 279 Volume/hour. Keeping the same volume flow rate extracted with an increasing length, we reach 140 Volume/hour for L = 32 m and 70 Volume/hour for L = 64 m. In the case where hc = 1.5 m, we manage to have only one simulation that gives us safe results. We higher the flow rate imposed on FDS many times to have more simulations that where safe but at a certain point, it seemed inappropriate to increase the flow rate to be safe in view of those already tested. The idea, to be safe while keeping our tested flow rate values, would be to reduce the area for the fresh air entrance, thus increasing velocity at this location. 

5.2

Comparison between theory and CFD Figure 16 compares the evolution of the volume flow needed to ensure smoke removal from model of section 3, with results of section 4. We can see that we have results that keep the same evolution than the theoretical but with much higher values. We have no accordance between the theoretical model and the numerical one. Therefore we need to improve our analytical model to have a better accuracy between our two models and be able to have simplified equations to predict the behaviour of the flow and help us pre-dimensioning our smoke removal system.

Figure 17 sketches the main differences between the assumptions of the theoretical model and simulations. In order to improve the analytical model, three directions can be explored: (1) modifying the virtual origin of the plume, (2) modifying entrainment coefficient in the plume to account for extra mixing and (3) including a representation of punching effect. This will be done in further work.

Option (2) is the easiest to implement. Empirically, we can find the value of the coefficient that would allows us to superimpose on figure 16 the theoretical and numerical curve, would be α ≈ 0,79. This seems far too large for a turbulent plume [START_REF] Hunt | Classical plume theory: 1937-2010 and beyond[END_REF], even when considering the increase of entrainment due the forced fresh air flow. This model modification, therefore, is not likely to be the most realistic in terms of flow physics. Option (3) above seems to be the most promising, but care has to be taken so that theoretical model modifications are not too ad-hoc to a specific geometry. 

Figure 1 :

 1 Figure 1: Geometry of the station, perspective view, with the place of the fire in red and the smoke removal vents in blue.

Figure 2 :

 2 Figure 2: Schematic representation of the platform and mezzanine level; note directions X, Y Z used later in the description of figures.

  54.76 K.s 2 .m 2/3 /kg 2/3 , z is in meter and Q ̇c is in MW, see[17, eq. 3.2.7]. Figures4 and 5show the evolution of the temperature and expected volume flow calculated for different height of the smoke free layer Z. As we have set H1 = 4 m and the two containment screen height are 1.5 m and 2 m we need to have a smoke free layer between 2 m and 2.5 m.
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 45 Figure 4: Volume flow we need to set depending on the height of the interface Z

  in 24 different mesh in the case L = 16 m and 48 meshes in the case L = 32 m. Each cell dimension is Dx = Dy = Dz = 0.1 on platform level and Dx = 0.2 and Dy = Dz = 0.1 m on mezzanine level.
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 67 Figure 6: Sketch of recirculation zones X = 10m reference case Figure 7: Temperature, transverse cut at X = 10m, reference case

Figure 8 :

 8 Figure 8: Temperature at the platform level with the location of the four slices in the Y direction, Section A corresponds to X= 2.95 m, Section B to X= 6.95 m, Section C to X = 10.95 m and Section D to X = 14.95 m; we recall that fire is located at X = 5 m.
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 9101112 Figure 9: Section A, temperature in the platform level Figure 10: Section B, temperature in the platform level
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 1314 Figure 13: velocity profile under the containment screencase B_16_1000_Qe_1
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 15 Figure 15: Normal velocity under the containment screen. In blue the incoming flow on the platform and in yellowred the outflow.
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 16 Figure 16: Volume flow we need to extract, theoretically, to have a fresh airsmoke interface at Z = 2m, the maximum volume flow measured below which we are not safe and the minimal value, above which we are safe.

Figure 17 :

 17 Figure 17: Difference between the theoretical and the numerical

Table 1 : Parameters used for all the simulations

 1 

	Name	Value	[-] Description
	H1	4	m	Height of platform level
	H2	4	m	Height of mezzanine level
	l1	4	m	Width of platform
	l2	2	m	Width of stair allowance
	xf	5	m	Position of the centre of the fire in the x direction (length)
	yf	2.5	m	Position of the centre of the fire in the y direction (width)
	zd	3.9	m	Height of the top of the ventilations opening
	Z	2 -3.5	m	Height of the smoke interface

Table 2 : List of simulations realised with the height of the containment screen hc = 2m; (*) simulation B16_1000_01 is used as reference case

 2 list the simulations performed.

	Name	L (m)	Q ̇c (kw)	hc (m)	Qe (m 3 /s)
	A_16_500_01	16	500	2	20.8
	A_16_500_02	16	500	2	18.7
	A_16_500_03	16	500	2	16.6
	A_16_500_04	16	500	2	14.6
	B_16_1000_01 (*)	16	1000	2	23.9
	B_16_1000_02	16	1000	2	21.8
	B_16_1000_03	16	1000	2	19.9
	B_16_1000_04	16	1000	2	17.7
	C_16_1500_01	16	1500	2	28.1
	C_16_1500_02	16	1500	2	26.2
	C_16_1500_03	16	1500	2	23.9
	C_16_1500_04	16	1500	2	21.9
	D_16_3000_01	16	3000	2	48.0
	D_16_3000_02	16	3000	2	43.7
	D_16_3000_03	16	3000	2	39.8
	D_16_3000_04	16	3000	2	35.5
	E_16_5000_01	16	5000	2	56.0
	E_16_5000_02	16	5000	2	51.0
	E_16_5000_03	16	5000	2	46.5
	E_16_5000_04	16	5000	2	41.4
	F_32_500_01	32	500	2	24.0
	F_32_500_02	32	500	2	21.8
	F_32_500_03	32	500	2	19.9
	F_32_500_04	32	500	2	17.8
	G_32_1000_01	32	1000	2	32.0
	Name	L (m)	Q ̇c (kw)	hc (m)	Qe (m 3 /s)
	A_16_1-5_500_01	16	500	1.5	25.6
	A_16_1-5_500_02	16	500	1.5	23.3
	A_16_1-5_500_03	16	500	1.5	20.9
	A_16_1-5_500_04	16	500	1.5	18.7
	B_16_1-5_1000_01	16	1000	1.5	28.0
	B_16_1-5_1000_02	16	1000	1.5	25.8
	B_16_1-5_1000_03	16	1000	1.5	23.8
	B_16_1-5_1000_04	16	1000	1.5	21.6
	C_16_1-5_1500_01	16	1500	1.5	40.0
	C_16_1-5_1500_02	16	1500	1.5	37.2
	C_16_1-5_1500_03	16	1500	1.5	34.8
	C_16_1-5_1500_04	16	1500	1.5	32.0

Table 3 : List of simulations realised with the height of the containment screen hc = 1.5 m 4.2
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Table 4 : Results for all the simulations and security criteria hc = 2.0 m

 4 

		L (m)	Q ̇c (kw) Qe (m3/s) Vol/h Secure
	A_16_500_01	16	500	20.8 292.5 YES
	A_16_500_02	16	500	18.7 263.3 YES
	A_16_500_03	16	500	16.6 234.0 YES
	A_16_500_04	16	500	14.6 204.8	NO
	B_16_1000_01	16	1000	23.9 336.4 YES
	B_16_1000_02	16	1000	21.8 306.1 YES
	B_16_1000_03	16	1000	19.9 279.2 YES
	B_16_1000_04	16	1000	17.7 248.9	NO
	C_16_1500_01	16	1500	28.1 395.6 YES
	C_16_1500_02	16	1500	26.2 367.9 YES
	C_16_1500_03	16	1500	23.9 336.2	NO
	C_16_1500_04	16	1500	21.9 308.5	NO
	D_16_3000_01	16	3000	40.0 562.5 YES
	D_16_3000_02	16	3000	36.4 511.9 YES
	D_16_3000_03	16	3000	33.2 466.9	NO
	D_16_3000_04	16	3000	29.6 416.3	NO
	E_16_5000_01	16	5000	56.0 787.5 YES
	E_16_5000_02	16	5000	51.0 716.6 YES
	E_16_5000_03	16	5000	46.5 653.6 YES
	E_16_5000_04	16	5000	41.4 582.8	NO
	F_32_500_01	32	500	24.0 168.8	NO
	F_32_500_02	32	500	21.8 153.6	NO
	F_32_500_03	32	500	19.9 140.1	NO
	F_32_500_04	32	500	17.8 124.9	NO
	G_32_1000_01	32	1000	32.0 225.0	NO