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ABSTRACT
This paper presents the results of an experimental campaign performed to assess the effect of the flame emissivity for steel members engulfed into fire. In detail, two sizes of circular steel tubes were engulfed into pool fires of two different diameters. Two fuels were used and for both fuels tests without column (used as comparison with existing localised fire models) and with column were performed. The temperature of the column and of the flames were measured at different heights. The width of the flame was also measured and used to calculate the emissivity of the flame the value of which was employed in numerical simulations in order to predict the evolution of the temperature of the steel column. Comparison with numerical analyses where the recommended values of the Eurocode were used is also shown.
INTRODUCTION
Localised fires are an important issue for building typologies where a generalised fire cannot develop, as well as for any fire, except some cases of arson, in its early stage. Examples of these typologies are external structures, open car parks, atria, large industrial halls or large transportation halls. One of the main issues for considering the effects of such localised fire on the structure is the calculation of the thermal profile in the structure depending on the fire location and its development during time. For horizontal elements located under the ceiling various research works have already led to the development of analytical design methods which demonstrated their validity when compared with experimental data1. However, for vertical members, such as columns, there is still a shortage of analytical models able to calculate the temperature field along their height. Flames impacting / not impacting the ceiling, relative exposition of the cross-section with respect to the fire source are among the factors that concur to the complexity of the problem, that at the moment is tackled by means of complex and time-consuming numerical methods (such as Computational Fluid Dynamics).

The present study deals with the problem of columns engulfed in the fire source, a situation that could arise, for example, in an open space shopping mall where the columns are typically located between two adjacent rows of goods. Since the column in that case coincides with the centreline of the plume, it is tempting to consider, for representing the fire, the temperatures provided by the model of Heskestad2 included in Annex C of EN1991-1-23, which is applicable when the flames are not touching the ceiling. This approach has been followed in several applications and proved to yield unrealistically high temperatures or, more precisely, unrealistically fast increase of the temperature in the steel column.

The problem could be traced to the fact that the emissivity of the flame εf is taken as 1.0 as recommended by default in EN1991-1-23. Nonetheless, at early stages of the fire a value of 1.0 seems to be conservative because the flames will not yet be realistically large and sooty enough to justify the proposed value. For this reason, since a beneficial outcome can be found, it was reckoned necessary to perform an experimental campaign that could assess the effect of the emissivity of flames. This subject is being deepened by the authors within a larger on-going project called LOCAFI funded by the Research Fund of Coal and Steel (RFCS) that includes further experimental tests.
EXPERIMENTAL CAMPAIGN
Two experimental tests are envisaged: i) a preliminary small-scale test serving as a feasibility study; a 60.3 mm diameter, 1500 mm high circular tube is engulfed in a 300 mm diameter pool fire (see Fig. 1a) and ii) a 203 mm diameter, 3000 mm high circular tube engulfed in a 1000 mm diameter pool fire (Fig. 1b). In the tests two fuels were used, namely diesel and denatured gasoline, and tests without and with column were performed. Thus, 4 tests on the small-scale specimen and other 4 on the full-scale specimen for a total of 8 tests. The aim at employing two fuels lies in the fact that different thermochemical properties induce different characteristics of flames, with the soot content being very important in affecting the emissivity of flames. In fact, it is known that sootier flames have the tendency to produce less radiant heat flux. Moreover, the tests are performed with and without columns in order to check the Heskestad model2 and how the column affects the temperatures along the plume. The column was not loaded.
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Fig. 1. a) Small-scale test; b) full-scale test.
Description of the set-up

The instrumentation set-up consisted of two racks one in front of the other as shown in Fig. 2 for the small-scale test. In the case of the full-scale specimen the set-up was similar but distances between two consecutive levels of thermocouples is 1 m and the distance from the top edge of the basin to the lowest level of thermocouples is 485 mm. A set of thermocouples was supported by the cantilever beams of the two racks in order to measure the temperature of the flame (or of the air) and on the exterior part of the column in order to measure the temperature of the steel. When the column was not present one rack was moved so that the thermocouples were aligned with the plume centreline, as illustrated in Fig. 2b. The distance between the eccentric thermocouples (Th3 and Th4 or Th7 and Th8) placed in order to measure the variation of temperature from the centre was 100 mm (150 mm in the set-up of the full-scale test). Finally, in order to estimate the thickness of the flames (the emissivity also depends on the flame thickness) a camera was set on place with the function of taking photos every 10 seconds. By means of a grid composed of squares 20 by 20 cm placed at the beginning of the test in correspondence to the centre of the pool fire it was possible to superimpose two photos or to draw a grid and consequently to estimate the thickness of the flame at every selected time instant.
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Fig. 2. Instrumentation set-up of the small-scale test a) with column and b) without column.
The sequence of tests related to small-scale tests and to full-scale tests, is reported in Table 1.
Table 1. Sequence of tests described in the report.

	
	TEST 1
	TEST 2
	TEST 3
	TEST 4

	SMALL-SCALE TESTS
	Denatured gasoline with column (SGWC)
	Denatured gasoline without column (SGNC)
	Diesel

without column (SDNC)
	Diesel

with column (SDWC)

	FULL-SCALE TESTS
	Denatured gasoline with column (FGWC)
	Denatured gasoline without column (FGNC)
	Diesel

without column
(FDNC)
	Diesel

with column
(FDWC)


Small-scale tests
The characteristics of the pool fires and of the flame of the small-scale tests are reported in Table 2 to Table 5. When the average heat release rate (HRR) was computed a combustion efficiency of 0.8 for both fuels was used. From the Tables it is clear that denatured gasoline caused a higher burning rate than diesel and this translated into a higher length of the flame. By adding the column to the pool fire a slight decrease of HRR was determined when denatured gasoline was used, whereas it provoked a sensitive drop of burning rate when diesel was employed. However, the length of the flame was only barely affected by the column in the case of diesel. The estimate of the flame length, based on Eq. C.1 of EN1991-1-23 and by using the average HRR determined experimentally, lies close to the observed average length.
	Table 2. SGWC: Pool fire characteristics.

mfuel
1.786 kg
ttest
21min 22s
Burning rate
0.0014 kg/s
Heat of combustion ΔHc
43.7 MJ/kg
Combustion efficiency χ
0.8
Average HRR of the pool fire Q
48.71 kW
Observed  max flame length
1.42 m
Observed  average flame length
0.82 m
Estimate flame length (EN1991-1-2)
0.81 m

	Table 3. SGNC: Pool fire characteristics.
mfuel
1.786 kg
ttest
20min 29s
Burning rate
0.0015 kg/s
Heat of combustion ΔHc
43.7 MJ/kg
Combustion efficiency χ
0.8
Average HRR of the pool fire Q
50.78 kW
Observed  max flame length
1.49 m
Observed  average flame length
0.80 m
Estimate flame length (EN1991-1-2)
0.82 m



	Table 4. SDNC: Pool fire characteristics.

mfuel
1.029 kg
ttest
21min 51s
Burning rate
0.0008 kg/s
Heat of combustion ΔHc
43.2 MJ/kg
Combustion efficiency χ
0.8
Average HRR of the pool fire Q
33.89 kW
Observed  max flame length
1.09 m
Observed  average flame length
0.68 m
Estimate flame length (EN1991-1-2)
0.65 m

	Table 5. SDWC: Pool fire characteristics.
mfuel
1.022 kg
ttest
27min 12s
Burning rate
0.0006 kg/s
Heat of combustion ΔHc
43.2 MJ/kg
Combustion efficiency χ
0.8
Average HRR of the pool fire Q
21.65 kW
Observed  max flame length
1.08 m
Observed  average flame length
0.62 m
Estimate flame length (EN1991-1-2)
0.50 m



For each pool fire as soon as it developed completely the flame remained fairly straight, as it shown for example in Fig. 3 where for the SGWC test the camera setting was: i) shutter speed 1/50s; ii) ISO 800 and iii) aperture F5.6 whereas for the SDWC test the camera setting was: i) shutter speed 1/125 s; ii) ISO 1600 and iii) aperture F5.6.
Due to the nature of denatured gasoline the flame was not particularly sooty whereas diesel pool fires were much sootier.
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Fig. 3. a) SGWC; from 7 min to 7 min 30 sec after ignition and b) SDWC; From 9 min to 9 min 30 sec after ignition.
The results in terms of temperature of the flame and of the steel are shown for the SGWC test in Fig. 4 and for the SDWC test in Fig. 5. In both cases at the lowest level of thermocouples the steel of the column attained the temperature of the flame, i.e. about 500 °C for denatured gasoline and about 350 °C for diesel.
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Fig. 4. SGWC: a) Temperature of air measured by the eccentric thermocouples; b) temperature of steel measured by the thermocouples placed on the column.
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Fig. 5. SDWC: a) Temperature of air measured by the eccentric thermocouples; b) temperature of steel measured by the thermocouples placed on the column.
Full-scale test

The characteristics of the pool fires and of the flame of the full-scale tests are reported in Table 6 to Table 9. Similar considerations as the ones drawn for the small-scale tests can be made with some distinctions. First of all, in opposition to the small-scale test the presence of the column in the diesel pool fire entailed a faster burning rate causing a higher average HRR and a larger length of the flame in relationship to the case without column. Moreover, as soon as the pool fire developed completely the flame became highly skewed even though all doors of the hall were closed and no apparent draught was detected, see Fig. 6 as an example for FGWC and FDWC tests where the camera setting was in both cases: i) shutter speed 1/200s; ii) ISO 1600 and iii) aperture F5.6. This inclination caused a non-uniform heating of the tube that is clearly shown in Fig. 6a where the column is leaning to the right.
	Table 6. FGWC: Pool fire characteristics.

hfuel
70 mm
ttest
17 min
Burning rate
0.0375 kg/s
Heat of combustion ΔHc
43.7 MJ/kg
Combustion efficiency χ
0.8
Average HRR of the pool fire Q
1312 kW
Observed  max flame length
3.63 m
Observed  average flame length
2.49 m
Estimate flame length (EN1991-1-2)
3.14 m

	Table 7. FGNC: Pool fire characteristics.
hfuel
49 mm
ttest
12 min
Burning rate
0.0388 kg/s
Heat of combustion ΔHc
43.7 MJ/kg
Combustion efficiency χ
0.8
Average HRR of the pool fire Q
1357 kW
Observed  max flame length
3.59 m
Observed  average flame length
2.60 m
Estimate flame length (EN1991-1-2)
3.18 m



	Table 8. FDNC: Pool fire characteristics.

hfuel
31 mm
ttest
15 min
Burning rate
0.0225 kg/s
Heat of combustion ΔHc
43.2 MJ/kg
Combustion efficiency χ
0.8
Average HRR of the pool fire Q
778 kW
Observed  max flame length
2.73 m
Observed  average flame length
1.64 m
Estimate flame length (EN1991-1-2)
2.34 m

	Table 9. FDWC: Pool fire characteristics.
hfuel
40 mm
ttest
17 min
Burning rate
0.0246 kg/s
Heat of combustion ΔHc
43.2 MJ/kg
Combustion efficiency χ
0.8
Average HRR of the pool fire Q
850 kW
Observed  max flame length
2.57 m
Observed  average flame length
1.88 m
Estimate flame length (EN1991-1-2)
2.48 m
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Fig. 6. a) FGWC; From 6 min to 6 min 30 sec after ignition and b) FDWC: From 5 min to 5 min 30 sec after ignition.

The results in terms of temperature of the flame and of the steel are shown for the FGWC test in Fig. 7 and for the FDWC test in Fig. 8. In both cases, the observations made during the test are confirmed, i.e. the flame was highly skewed. In fact, the temperatures on the left side of the column were higher (up to more than double for denatured gasoline) than those on the right side.
By considering Th1 and Th11 one may note that steel did not attain the temperature of the flame. This was mainly due to the fact that the other side of the column was much colder and consequently radiation within cavity of the column transferred heat from one side to the other. This finding is also shown by looking at Th2 and Th12 where steel at the end of the test was averagely hotter than air. Moreover, in the FDWC test the flame attained a temperature of 1000°C (see Th1 in Fig. 8b) which was the highest measured in all the four tests. The reason may lie in the fact that since the flame is very sooty the fraction of energy radiated away from the flame becomes smaller because the luminous flame is shrouded in cooler black soot, determining a higher temperature of the flame.
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Fig. 7. FGWC: a) Temperature of air measured by the eccentric thermocouples; b) temperature of steel measured by the thermocouples placed on the column.
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Fig. 8. FGWC: a) Temperature of air measured by the eccentric thermocouples; b) temperature of steel measured by the thermocouples placed on the column.

COMPARISON WITH THE HESKESTAD MODEL

In this section the Heskestad model2 provided in the EN1991-1-23 is compared with the experimental findings, i.e. the average temperature of the fully developed pool fire at different heights. The Heskestad model2 provides values of temperatures along the centreline of the plume when the flame does not impact the ceiling. Thus, only the comparison with the experimental temperatures measured by thermocouples along the plume centreline would be, strictly speaking, consistent. However, owing to the inclination of the flame in the full-scale test the centreline of the plume does not correspond with the line going straight up from the centre of the basin. In addition, the presence of the column will disturb the flame. Here, the comparison is also given both by exploiting data that come from thermocouples that are eccentric from the pool fire centreline, if the flame is highly skewed, and by considering the presence of the column in order to give an idea of the registered temperatures and to establish the influence of the column on the temperatures of the flame.
Small-scale tests

For small-scale tests by looking at both Table 11 and Table 10 it is possible to observe that the Heskestad model2 included in the EN1991-1-23 overestimates the temperatures, approximately by a factor of two. Analogous considerations as the ones drawn for denatured gasoline pool fires can be made when diesel was used (see Table 12 and Table 13).

Table 10. SGWC: Heskestad comparison.

	Thermocouple
	Th1
	Th2
	Th5
	Th6
	Th9
	Th10
	Th20

	avg Texp [°C]
	486
	389
	227
	190
	123
	101
	81

	Thesk(z) [°C]
	900
	900
	442
	442
	234
	234
	152


Table 11. SGNC: Heskestad comparison.

	Thermocouple
	Th17
	Th18
	Th19
	Th20

	avg Texp [°C]
	455
	238
	113
	75

	Thesk(z) [°C]
	900
	454
	240
	200


Table 12. SDNC: Heskestad comparison.

	Thermocouple
	Th17
	Th18
	Th19
	Th20

	avg Texp [°C]
	386
	137
	66
	49

	Thesk(z) [°C]
	836
	309
	173
	147


Table 13. SDWC: Heskestad comparison.

	Thermocouple
	Th1
	Th2
	Th5
	Th6
	Th9
	Th10
	Th20

	avg Texp [°C]
	347
	255
	129
	100
	76
	59
	54

	Thesk(z) [°C]
	521
	521
	213
	213
	126
	126
	88


Full-scale tests

For full-scale tests, in the case of the denatured gasoline pool fire without column the comparison is shown in Table 14 with considering skewing of the flame because of its large inclination. It is possible to observe that at the two lowest levels of thermocouples (at level of Th1 and Th3) the temperature given by the Heskestad model2 attains 900 °C whereas the average temperatures registered during the experimental test are well below this limit.

Table 14. FGNC: Heskestad comparison considering skewing.

	Thermocouple
	Th1
	Th3
	Th9
	Th21
	Th23

	avg Texp [°C]
	738
	555
	179
	103
	78

	Thesk(z) [°C]
	900
	900
	829
	436
	278


Now, if the pool fire with column is considered the results are given in Table 15. Also here the eccentric thermocouples engulfed into the plume were considered in order to sensibly compare the temperatures. In this case the temperatures are closer, possibly because the thermocouples are closer to the plume centreline. The comparison at the highest positions for both cases is not really meaningful because the flame is highly skewed.

Table 15. FGWC: Heskestad comparison considering skewing.

	Thermocouple
	Th1
	Th3
	Th9
	Th21
	Th23

	avg Texp [°C]
	893
	709
	285
	148
	102

	Thesk(z) [°C]
	900
	900
	697
	385
	253


Analogous considerations can be made when diesel was used by looking at Table 16 and Table 17. Nevertheless, when the column is present a time-averaged temperature at the lowest level is higher than 900 °C, as reported in Table 17.

Table 16. FDNC: Heskestad comparison considering skewing.

	Thermocouple
	Th1
	Th3
	Th9
	Th21
	Th23

	avg Texp [°C]
	739
	391
	110
	63
	47

	Thesk(z) [°C]
	900
	899
	403
	241
	166


Table 17. FDWC: Heskestad comparison considering skewing.

	Thermocouple
	Th1
	Th3
	Th9
	Th21
	Th23

	avg Texp [°C]
	956
	424
	130
	73
	55

	Thesk(z) [°C]
	900
	900
	445
	262
	179


In conclusion it seems that the Heskestad model2 overestimates the temperatures in both scales of test, at least at locations where the comparison is meaningful, i.e. at the lowest ones. For full-scale tests with column in place the Heskestad model2 gets closer.

THERMAL ANALYSES WITH SAFIR

Numerical thermal analyses were carried out in order to reproduce the experimental evidence and to try to establish the effect of the emissivity of flames. Numerical simulations with Finite Element (FE) software SAFIR4 were performed by employing two values of emissivity of flames: 1) εf = 1.0 as recommended by EN1991-1-23 and 2) by calculating the emissivity of flames on the basis of experimental evidences according to εf = 1 - e-κ df where κ is the mean absorption coefficient and df is the flame thickness. Thus, the column section was discretized with 2D elements, as illustrated in Fig. 9a. First of all, for the internal boundaries, a void condition was applied to take into account non-uniform radiation and convection in the internal cavity. Then, for the boundary conditions on the external surface of the column, the curve describing the temperature measured in the air as a function of time was taken. The boundary of the section was subdivided into two parts to reflect the fact that different values of flame temperatures were recorded on both sides of the section. Thus, boundary conditions registered experimentally were applied to the FE model as well as boundary conditions calculated according to the EN1991-1-23 provisions, i.e. the temperature of gas calculated with the Heskestad model2 on the basis of the experimental average HRR (see Table 10 and Table 13). In the latter case the emissivity of the flame was taken equal to 1.0.

Thermal properties for structural steel were considered from the recommendations given in EN1993-1-26; thus a material emissivity of 0.7 was considered. A coefficient of convection of 35 W/m2K was employed.

The thickness of the flame df was taken from photos of the tests every 20 seconds at the two lowest levels of thermocouples and for both sides (see Fig. 9b). The mean absorption coefficient κ was set both for denatured gasoline and for diesel to 0.355. Hence, for every considered time instant it was possible to compute the emissivity of the flame for each level and for both sides of the column. Then, in the numerical analyses the average value of the emissivity of the flame in correspondence to each considered thermocouple level was used.
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Where n is the number of photos considered to estimate the flame thickness, i.e. duration of fire divided by 20 seconds.
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Fig. 9. a) Section discretization and boundary conditions applied in SAFIR. b) Way of determining the thickness of the flame at each level
SAFIR numerical simulations were performed for the two lowest levels of thermocouples. However here, the results of the lowest level only are presented where the comparison between the experimental results denoted by the label “Exp” and numerical simulations denoted by “SAFIR” is shown. In the legend of the numerical simulations the boundary conditions, either by applying the temperature of gas measured experimentally (Tgas) or the temperature of gas according to the Heskestad method2 (Thesk), are highlighted. The value of the resulting emissivity εres obtained by multiplying the emissivity of the flame and the emissivity of the material is also shown.
Small-scale tests

The results of SAFIR numerical simulations relative to the small-scale tests are presented in Fig. 10 and Fig. 11
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Fig. 10. SGWC: Comparison of steel temperature of the column at: a) Th1 level and b) Th2 level.
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Fig. 11. SDWC: Comparison of steel temperature of the column at: a) Th1 level and b) Th2 level.

Full-scale tests

The results of the SAFIR numerical simulations are presented in Fig. 12 and Fig. 13.
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Fig. 12. FGWC: Comparison of steel temperature of the column at: a) Th1 level and b) Th2 level.
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Fig. 13. FDWC: Comparison of steel temperature of the column at: a) Th1 level and b) Th2 level.
Result discussion

From the numerical analyses by employing the experimental temperatures of gas as boundary conditions it comes up that an emissivity of the flame equal to 1.0 better represents the evolution of the temperature of steel. In fact, simulations with an emissivity of the flame based on the thickness of the flame tend to underestimate the temperature of steel. Nonetheless, the temperature of steel is highly overestimated if it is obtained with boundary conditions represented by temperatures of gas calculated by means of the model of Heskestad2 and with emissivity of the flame equal to 1.0 as recommended by the EN1991-1-23.
Moreover, it is worth noting that in the small-scale tests the main heat transfer process was more convection controlled owing to low temperatures. In fact, by changing the resulting emissivity from 0.7 to values very close to 0.0 (the latter value is due to a very small emissivity of the flame) the results of the simulations were almost unvaried, see as an example Fig. 11. Conversely, as the pool fire increases, the temperatures increased and the main heat transfer process was more radiation controlled. This is clearly visible in the figures relative to the full-scale tests where a reduction of the total emissivity entails a great reduction of the predicted temperature of the steel.

CONCLUSIONS

It is possible to conclude that from this experimental campaign the length of flame predicted by the Eurocode is close to the average observed flame length for the small-scale tests and between the maximum observed value and the average observed value for the full-scale tests; thus in fairly agreement with the experimental results. Conversely, the temperature of the flame registered during the tests is well below the one predicted by employing the Heskestad model2. Finally, the value of emissivity of the flame equal to 1.0, as recommended by EN1991-1-23 appears to better represents the evolution of temperature of the steel column when experimental boundary conditions are employed in numerical simulations. When boundary conditions derived by employing Annex C of EN1991-1-23, namely the temperature determined by means of the Heskestad model2 on the basis of the experimental average HRR, and emissivity of the flame equal to 1.0, the temperature of steel is always highly overestimated.
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