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Heat release rate of burning luggage in trains

This paper considers the fire risk associated with luggage in trains from an experimental point of view. After a brief review of existing data, we decided to test medium isolated suitcase, large isolated suitcase, two medium and one large suitcase in a rack, and two medium and one large suitcase in a confined rack representative of luggage stacked next to entrance doors of coaches in high-speed trains. Results show a strong effect of rack geometry and confinement, the heat release rate being multiplied by 1.5 and 2.3 respectively in open and confined rack configurations compared with the same number of suitcases each measured isolated.

INTRODUCTION

When dealing with fire scenarios, either for design or for post-fire investigation, the heat release rate of the fire as function of time is the principal physical quantity that will determine the outcome of the scenario being considered (see the discussion in [START_REF] Babrauskas | Heat release rate: The single most important variable in fire hazard[END_REF]). When considering a fire in a train or a rail transit, regulations on the rolling stock have the consequence that heat release rate from the train itself is generally very low (see [START_REF]Applications ferroviaires -protection contre les incendies dans les véhicules ferroviaires. Standard[END_REF][START_REF] Carlotti | Ventilation et désenfumage des réseaux de métro[END_REF]). As a consequence, the additional fire load due to the content of the train may not be neglected. This was in particular seen as very significant on some small scale models [START_REF] Lönnermark | Laboratory fire experiments with a 1/3 train carriage mockup[END_REF][START_REF] Lönnermark | Fullscale fire tests with a commuter train in a tunnel[END_REF] or in the analysis of real fire events [START_REF] Larsson | The tunnel blaze in Kaprun, Austria[END_REF][START_REF] Hedefalk | Lessons from the Baku underground railway/metro fire[END_REF].

However, few experimental data are available on luggage fire. Such a study necessitates to consider first what are the typical luggage items possibly encountered in a given situation, and then the evaluation of the heat release rate of this luggage. Such studies were conducted in [START_REF] Sherwood | Why do design fires matter?[END_REF][START_REF] Kumm | Carried fire load in mass transport systems: a study of occurence, allocation and fire behaviour of bags and luggage in metro and commuter trains in Stockholm[END_REF]. The work of [START_REF] Sherwood | Why do design fires matter?[END_REF] focused on luggage encountered in airport halls, showing that the average luggage trolley is loaded with a total weight of luggage of 22.6 kg. However not much information is available on the luggage type and content nor on the ignition procedure. The peak heat release rate was found the be 1.2 MW reached in 625 s, followed immediately by a decrease, the heat release rate being less than 300 kW after 1000 s and less than 100 kW after 1500 s. The work of [START_REF] Kumm | Carried fire load in mass transport systems: a study of occurence, allocation and fire behaviour of bags and luggage in metro and commuter trains in Stockholm[END_REF] is described more precisely. It focuses on luggage transported in suburban trains in Stockholm area. The fist step of the study was a field observation of luggage in the trains. More than three hundred real pieces of luggage were considered, leading the author of the study to design twelve typical bags to be analysed, from a paper bag containing a small quantity of food to several types of backpacks. Due to the suburban nature of the train network considered, the average mass, 4.2 to 4.6 kg, was much lower than in the previous study. It should be noted that 28 % of the passengers had pressurised aerosol cans in their luggage. For the heat release rate measurement, the pieces of luggage were placed on a grid elevated above the ground, leading to discard any possible effect of liquefied plastic contributing to the fire source. The ignition was made with a 25 kW liquefied petrol gas flame applied for 90 s.

As a consequence of the scarcity of experimental results for luggage fires, the heat release rate for design studies is evaluated in general on very basic arguments based on mass and energy content, see for example [START_REF] Ponticq | h. Design fires for railway and metro tunnels[END_REF][START_REF] Ahnberg | Design fires in Swedish railway tunnelshow are research results implemented and what are we missing[END_REF][START_REF] Cetu | Etude des feux de référence en tunnel de transports guidés urbains[END_REF]. However, the evolution of heat release with time relies only on expert estimation.

The present study was undertaken in order to give data to support these estimations based on luggage mass, to give some clues to the time dynamics of heat release rate and to evaluate possible effects of confinement of heat in luggage racks inside trains. First, the experimental procedure is explained, and then the results are exposed and discussed.

EXPERIMENTAL PROCEDURE 2.1

Choice of luggage to be tested The first step is to determine which type of luggage is characteristic of a given actual situation. The aim of the study being train transportation, it was decided to focus on suitcases and racks loaded with suitcases. To do so, luggage lost by travellers in Paris were analysed, with the help of the Service des Objets Trouvés, a department of Paris Prefecture de Police in charge of lost property in particular for all main train stations in Paris. From this analysis, it was decided to focus on two types of items:

1. Medium size suitcase, 46 x 33 x 24 cm 3 constituted mainly of polycarbonate, with an empty mass of 2.5 kg;

2. Large size suitcase, 75 x 47 x 28 cm 3 , constituted mainly of acronitrile butadiene styrene (ABS), with an empty mass of 3.6 kg.

Two series of identical suitcases with the above characteristics were bought.

Concerning the content, the analysis was made on a panel of unclaimed suitcases (after the legal period of claimability), and a similar mix of cloth and other goods were loaded in the suitcases. It should be noted that none of the suitcases analysed contained any computer or similar item containing large batteries. The total mass of suitcases of type 1 is 9 kg, and the total mass of suitcases of type 2 is 18 kg.

Experimental set-up

The experiments where carried out at LCPP testing facilities located in Fort de la Briche in Paris suburbs. This site is equipped with a calorimetric hood able to test fire up to 4 MW, a scale allowing to record mass evolution with time, and video recording.

Four configurations where considered: a. isolated medium size suitcase (type 1) positioned vertically; b. isolated large size suitcase (type 2) positioned vertically; c. two-level open rack, with two medium suitcases at the bottom level, one large suitcase at the top level; d. two-level confined rack, with two medium suitcases at the bottom level, one large suitcase at the top level.

The confined rack was designed to be similar to those present in high speed trains. It has overall height of 2 m, width of 0.9 m and depth of 0.5 m with an intermediate shelf made of a grid at height 0.75 cm. It is closed on three lateral sides and on top, as are luggage racks in high speed trains, see figure 1. The open rack has the same dimensions, but is open on all lateral sides and on top. It was chosen to give a basis of comparison with, on the one hand, the sum of three isolated suitcases, and, on the other hand, the confined rack.

For isolated suitcases, two possible fire ignitions were used: (i) spill of 200 mℓ of automotive petrol on top of the suitcase lighted with a small flame; (ii) 5 kW gas burner flame applied for 12 seconds at the bottom of the suitcase. For the rack configurations, the same gas burner was applied to one of the medium size suitcase at the bottom level for 20 seconds. Table 1 gives a summary of configurations analysed and the tags used to identify these scenarios. 

2.3

Gas concentration measurements Combustion gases are collected thanks to the hood. They are then filtered to remove soot and water, and cooled-down before being sent to the analysers. Infrared cells are used to measure carbon monoxide and carbon dioxide. A paramagnetic cell is used to measure oxygen concentration. All these data are collected at a sampling rate of 1 Hz and stored.

Determination of hydrogen cyanide is made by sparging a fixed amount of the gas flux (1 l/min) into a 70 ml water solution of sodium hydroxide at concentration 0.1N for the whole duration of the fire test. The resulting solution is analysed using a method based on distillation and colorimetry, in a way very similar to [START_REF]Dosage des cyanures totaux et des cyanures libres par analyse en flux (FIA et CFA) partie 2 : Méthode par analyse en flux continu[END_REF]. The result is thus a mass of hydrogen cyanide for whole duration of the test, expressed in mg per unit volume of gas. From the knowledge of the total amount of gas and smoke extracted by the hood for the duration of the fire test, the total mass of hydrogen cyanide released is determined. It is then divided by the total mass loss of combustible material to be expressed as an average yield of hydrogen cyanide per unit mass of combustible material.

2.4

Heat release rate estimation Heat release rate is a major parameter to assess the intensity of a given fire. They can be estimated in several ways, including mass loss rate measurements, dilution temperature and through oxygen consumption calorimetry.

Estimation from mass loss rate

When a solid or a liquid burns, its mass M(t) decreases as components either evaporate and then burn, or burn directly. Thus, the associated heat realease rate is 𝑄 ̇= -Δ𝐻 𝑑𝑀 𝑑𝑡 where ΔH is the average net massic enthalpy of combustion of the material. For a mixture of textiles, ABS and polycarbonates, it is estimated that ΔH ≈ 19 MJ/kg. Using alternative methods to estimate heat release rate will allow questioning this estimation.

A major difficulty of this method is to compute experimentally the derivative of M(t) when the signal is too noisy. We used Bernstein polynomials of degree the number of measured points to smooth the data. The uniform convergence property of Bernstein polynomials (cf. [START_REF]Dieudonné Calcul infinitésimal[END_REF]) guaranties a very good damping of high frequency noise, while keeping a good resolution in terms of time evolution of the underlying smooth function. See also [START_REF] Blejec | Bézier curves: simple smoothers of noisy data[END_REF] for examples of application of the method.

Estimation from dilution calorimetry

Neglecting heat losses through solid boundaries, when a mass of air is heated, its temperature rise is proportional to heat release rate and inversely proportional to air volume flux. The air volume flux itself may be estimated by measuring simultaneously temperature and pressure drop through a section constriction (e.g. a Venturi device). After some algebra, this leads to

𝑄 ̇= 𝐶 1 √ Δ𝑃 𝑇 (𝑇 -𝑇 0 )
Where the value of C1 depends on:

• the geometry of the extraction hood and piping (including the Venturi device), • and heat losses through solid boundaries. This quantity may be estimated using calibration fires of heat release rate as close as possible to tested fire in order to minimize uncertainties associated with heat losses through solid boundaries. However, this method is very robust and often used in large fires context (e.g. [START_REF] Blanchard | Energy balance in a tunnel fire: midscale tests and cfd simulations[END_REF]).

Estimation from oxygen consumption calorimetry

Oxygen consumption calorimetry is based on the fact that the amount of energy released by complete combustion of hydrocarbon based material is E = 13.1 MJ per kg of oxygen consumed for a well ventilated fire [START_REF] Dinenno | SFPE Handbook of Fire Protection Engineering[END_REF][START_REF] Janssens | Oxygen consumption calorimetry[END_REF]. Reference [START_REF] Janssens | Oxygen consumption calorimetry[END_REF] stated that this value is correct with a precision of 5 % for all usual combustible materials. When carbon monoxide production is high, this necessitates a correction, but it is not the case in our fire tests (cf. section 3). After calculations, this leads to

𝑄 ̇= 𝐶 2 √ Δ𝑃 𝑇 𝛿𝑋
Where 𝛿𝑋 is the oxygen concentration reduction from standard atmosphere and the value of C2 depends on the geometry of the extraction hood and piping only (since the Venturi device is used to estimate total gas volume flow). This quantity is estimated through calibration fires of known heat release rates.

Oxygen consumption calorimetry is considered as the first choice method to estimated heat release rates, since it does not need to estimate enthalpy of combustion, nor to to neglect the effect of heat release rate on heat losses through boundaries.

RESULTS

3.1

Oxygen, carbon dioxide and carbon monoxide Figures 2 and3 give oxygen concentration reduction 𝛿𝑋 = 20.95 -[𝑂 2 ] for all tests, with a time origin offset to allow for the curve comparisons. This is obviously highly correlated to carbon dioxide concentration, since a stoichiometric reaction would produce one carbon dioxide mole for one mole of consumed oxygen. In reality, the chemistry is much more complex since other reactions are implied, especially the production of water through combination of oxygen atoms with hydrogen issued from hydrocarbonated chains. Defining the quantity 𝛾 = [𝐶𝑂 2 ]/𝛿𝑋, it follows that 𝛾 should be less than 1 but not too far. Measurements show that 𝛾 is 0.7 to 0.85 in active fire phases, less for starting fires and residual combustion (figures not shown here).

The ratio of carbon monoxide to carbon dioxide was also measured. It has a peak value in the range 0.04 to 0.06 for active fire phases, then decreases to a plateau in the range 0.02 to 0.04, for residual combustion, except when the fire is nearly extinguished, when carbon dioxide concentration is close to ambient while carbon monoxide may stay at a residual concentration of about 0.02 % vol (200 ppm). Figure 4 gives the scatter plot of carbon monoxide as function or carbon dioxide for all tests (except for test a1i where the carbon monoxide cell was not operative). This residual carbon monoxide concentration may be seen for carbon dioxide concentration as low as 0.2 % vol, but then decreases to zero for even smaller values of carbon dioxide concentrations. 

3.2

Heat release rate Values of C1 and C2 were estimated from two calibration fires of small pans of alcohol with a plateau heat release rate of 200 kW. This led to : C1 = 3600 kJ kg s -1 Pa -1/2 K -1/2 C2 = 3.875 × 10 7 kJ kg s -1 K 1/2 Pa -1/2 Uncertainties arise from four factors:

• Measurement uncertainties in the calibration fire; • Unreducible uncertainties in the calibration fires due to simplifications in the models; • Measurement uncertainties in the suitcase fires; • Uncertainties due to the choice of the value of Δ𝐻 and due to heat losses through solid boundaries in the suitcases fires. The first two factors may be estimated from the results of the calibration fires. It shows that the main imprecision factors are modulations of the heat release rate of alcohol pools and noise in the weighting system. In any case, precision is better than 20 % for C1 and of order 10 % for C2. The third factor is relatively low due to the care in measurement process, except for mass loss, which delivers a very noisy signal. The last factor is non-existent for oxygen consumption calorimetry, but is expected to be higher for mass loss rate method and very large for dilution calorimetry when the heat release rate is substantially different from the heat release rate of calibration fires, due to dissimilar heat losses. Furthermore, since the calibration were performed with alcohol, the radiative fraction of the flames is likely to be much larger for luggage fire than alcohol fire, thus leading to a further underestimation of heat release rate from dilution calorimetry. (c) oxygen consumption calorimetry.

3.3

Hydrogen cyanide Due to the measurement method, it was not possible to obtain the concentration of hydrogen cyanide, but instead the total amount of cyanide produced for each fire test. The results are given in grams of production of cyanide per kg of combustible in table 2. The values are relatively scattered, with a production in the range 0.2 to 0.7 g/kg, with no simple interpretation of the scatter except the high complexity of combustion mecanisms. a1i a1ii b2i b2ii c112ii d112ii HCN production (g/kg) 0.226 0.744 0.179 0.199 0.368 0.569 Table 2: hydrogen cyanide production per kg of combustible In order to be able to use this data in risk assessment, calling K the mass production of hydrogen cyanide per kg of combustible, assuming it is of the same order at all phases of the fire, this leads to 𝑟 = 𝑘 𝑄 ̇ Where r is the mass production of carbon dioxide per unit time, and 𝑘 = 𝐾/Δ𝐻 is in the range 0.01 to 0.035 g/MJ.

4 DISCUSSION Heat release rates were measured for isolated luggage, with typical peak value of 250 kW for medium size suitcases, and 400 kW for large ones, and fire duration of order 10 minutes. Thus, the sum of two medium suitcases and one large would lead to approximately 900 kW. However, the rack tests gave values of order 1300 kW for the open rack, and 2100 kW for the confined rack. Since the total energy of the three configurations is the same, the more intense fire leads to the shorter duration. The results may be summarized, with the following empirical equation With 𝑡 𝑝 = 5 minutes, 𝑄 ̇𝑚𝑎𝑥 = 28 × 𝑀 expressed in kW for M the total luggage mass expressed in kg, and 𝑐 is a non-dimensional constant, with value 1 for isolated suitcase, up to 1.5 for suitcases in a rack, and 2.3 for suitcases in a confined rack. Exponent 𝛼 is set so that the total energy is conserved: The values have to be compared with typical values for technical installations and rolling stock [START_REF]Applications ferroviaires -protection contre les incendies dans les véhicules ferroviaires. Standard[END_REF][START_REF] Carlotti | Ventilation et désenfumage des réseaux de métro[END_REF][START_REF] Ponticq | h. Design fires for railway and metro tunnels[END_REF][START_REF] Cetu | Etude des feux de référence en tunnel de transports guidés urbains[END_REF]. In these references, maximum heat release rate is less than 1000 kW, except for rubber tyre metro, for which the peak is estimated at 2000 kW. This would advocate to consider systematically luggage fires in safety studies and quantitative risk assessment, except when there is a good reason for estimation that the probability of occurrence is very low.
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 1 Figure 1: configuration d, two-level confined rack with two medium suitcases of type 1 (pink) and one large suitcase of type 2 (black).
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 2 Figure 2: Oxygen concentration reduction 𝜹𝑿 = 𝟐𝟎. 𝟗𝟓 -[𝑶 𝟐 ] expressed in % vol for isolated suitcases tests.

Figure 3 :

 3 Figure 3: Oxygen concentration reduction 𝜹𝑿 = 𝟐𝟎. 𝟗𝟓 -[𝑶 𝟐 ] expressed in % vol for rack tests.

Figure 4 :

 4 Figure 4: [CO] as function of [CO2] expressed in % vol.

  Figures 5 to 10 give heat release rate for the six fire tests. Mass loss and oxygen consumption calorimetry (curves labelled a and c) are consistent, but dilution calorimetry (curves labelled b) gives much lower values, except for small values of heat release rates. Thus dilution calorimetry is not used in further analysis.

Figure 5 :

 5 Figure 5: heat release rate as function of time for test a1i (medium isolated luggage); (a): mass loss rate method; (b): dilution calorimetry; (c) oxygen consumption calorimetry.

Figure 6 :

 6 Figure 6: heat release rate as function of time for test a1ii (medium isolated luggage); (a): mass loss rate method; (b): dilution calorimetry; (c) oxygen consumption calorimetry.

Figure 7 :

 7 Figure 7: heat release rate as function of time for test b2i (large isolated luggage); (a): mass loss rate method; (b): dilution calorimetry; (c) oxygen consumption calorimetry.

Figure 8 :

 8 Figure 8: heat release rate as function of time for test b2iii (large isolated luggage); (a): mass loss rate method; (b): dilution calorimetry; (c) oxygen consumption calorimetry.

Figure 9 :

 9 Figure 9: heat release rate as function of time for test c112ii (open rack); (a): mass loss rate method; (b): dilution calorimetry; (c) oxygen consumption calorimetry.

Figure 10 :

 10 Figure 10: heat release rate as function of time for test d112ii (confined rack); (a): mass loss rate method; (b): dilution calorimetry; (c) oxygen consumption calorimetry.

Table 1 : summary of configurations used in the fire tests.

 1 

	Label	Configuration	Suitcase types implied
	a1i	a. isolated suitcase	1
	a1ii	a. isolated suitcase	1
	b2i	b. isolated suitcase	2
	b2ii	b. isolated suitcase	2
	c112ii	c. open rack	1;1;2
	d112ii	a. confined rack	1;1;2