Experimental study on Jet-A pool fire at high altitude
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ABSTRACT

For the further assessment on cargo fire hazard, full-scale Jet-A pool fire tests under the specifications of
FAA Minimum performance standard (MPS) were conducted in sea-level Hefei and high-altitude Lhasa. A
square insulation board (1.2mx1.2m) was place upon the fuel pan to simulate the effect of ceiling on fire
plume. The experimental results indicates that the mass burning rate is proportional to the 2/3 power of the
ambient pressure, in accordance with the theoretical prediction for convection-dominant fires. The analysis
shows that the flame height increases slightly at high altitude. At higher altitude, the centerline temperature
decreases in the flame region but increases in the intermittent region. The addition of ceiling increases the
mass burning rate and the centerline temperature, although the effect on centerline temperature is observed
to be weaker in Lhasa.
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NOMENCLATURE LISTING

D pan diameter (m) r stoichiometric ratio
L pan side length (m) Cp specific heat of air
P pressure (KPa) Poo air density

T temperature (K)

H¢ flame height (m) subscripts

z height from fuel level (m) | Lhasa

4h.  heat of combustion (kJ/kg) h Hefei

m”  burning intensity (g/m) f flame

m burning rate (g/s) 0 ambient

1. INTRODUCTION

High altitude has shown a significant effect on fire behavior [1-8], which aroused the research interest
for airplane safety. An early experimental study on fuel combustion characteristics at different altitudes
were carried out by Wiser [1].Li et al [2] reported the experimental measurements of on n-heptane
(D=0.305, 0.375 m) and wood crib fires in Hefei (a sea-level city, 50 m/100.8 KPa) and Lhasa (Tibet city,
3,650 m/64.3 KPa), which aroused a general concern on high altitude fires. Since then plenty of studies of
the behavior of high altitude fires were conducted [3-7]. Hu et al [3] suggested that the burning intensity
(burning rate per unit area) should be a function of pool dimension D and pressure P as m” ~ fcn (D, P)
based on the experimental measurements on n-Heptane (D=0.18 m) pool fires in Lhasa and Dangxiong
(another Tibet city, 4,350 m/59.1 KPa). Fang et al [6, 7] measured square pool fires with different sizes
(L=4~33 cm) in Hefei and Lhasa, and pointed out that the burning intensity m” ~ P, where the exponent
a was determined by the dominating flame heat feedback term. Rectangular burners with different aspect
ratio were used in the pool fire tests by Tu et al [8], where it is found that flame temperature slightly
increased at high altitude and flame height was almost insensitive to pressure. Cardboard box fires of
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different sizes as specified by FAA (Federal Aviation Administration) Minimum performance standard
(MPS) [9] were tested in Hefei and Lhasa by Niu and Yao et al. [4, 5], where it is found that the mass
burning rate and radiative heat flux decrease while the plume temperature increases under low pressure.

Cargo fire is a severe threat to airplane safety. A large number of fire tests [10-12] have been conducted
by FAA at sea-level condition and in a space-limited pressure bomb, but few field tests at high altitude
areas were conducted. As the highest plateau in this planet, Tibet known as “Roof of the World” has the
unique geographic advantage in modeling the high-altitude airplane cabin environments. To assess the fire
hazards of flammable liquid fires may encountered in airplane cargo fires, full-scale Jet-A pool fires
(D=60cm) specified by the FAA MPS were tested in Hefei and Lhasa respectively in this study. The
measurements on mass burning rate and flame temperature will be presented and analyzed in the following.

2. EXPERIMENTAL DESIGH

The experiments were conducted in the 1SO9705 full-scale Heat Release Rate Calorimeter (HRRC)
platforms [13] built in Hefei and Lhasa, as shown in Fig. 1(a). The exhaust hood was surrounded by
thermal insulation panels and has a 15 cm gap at the bottom. For the convenience of experimental
observation and video recording, an 80 cm wide opening was left at one side of the insulation board. The
schematic of fire test platform were drawn in Fig. 1(b).

(a) Picture of HRRC platform in Lhasa (b) Schematic of HRRC platform

Fig. 1. Fire test platform

The experimental setup was designed in accordance to Surface-Burning Fire scenario in FAA Minimum
performance standard (MPS) [9], and Jet-A fuel (1.9L) fueled pool fires were tested using a square pan,
which was constructed of 0.3-cm-thickness steel. The pan used in experiments was 10 cm in depth, and
with side length of 0.6 m. For that the Jet-A fuel is difficultly to be ignited, a small amount of gasoline (300
ml) was poured on the top of Jet-A fuel as ignition source. In addition, 9.5 liters of water was placed at the
bottom of the Jet-A fuel in the pan to cool the pan and minimize warping. The fuel pan was positioned at a
height of 0.9 m on a steel table in the test room center. An electronic scale with the resolution of 0.1 g was
placed beneath the fuel pan to record the mass loss rate. Meanwhile, to protect the electronic scale from the
fire, a 1.2x1.2 m insulation board was placed below the pan to shield the scale. The centerline temperature
of flame (T1-T8) was measured by K-type armored thermocouples with diameter of 1mm, and response
time less than 1s. These thermocouples were placed with an interval distance of 10 cm, and the lowest one
(T1) was located at 20 cm upon the bottom of fuel pan, as shown in Fig. 2. To simulate the ceiling of
airplane cargo, a square insulation board (1.2 x 1.2 m), which has been fumed to black to reduce the re-
radiation, was placed at a height of 0.9 m above the fuel pan. The tests without ceiling board were also
conducted for comparison. The entire burning process was recorded by high definition camera made by the
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Sony company. Table 1 summarizes experimental configurations of the tests, and the test of each
configuration was repeated at least 3 times to validate the data repeatability.

Table 1. Summary of experimental configuration.

Case Test site Ceiling Measurement
’;‘ LHﬁfe' mo 1. Mass loss
asg 0 2. Temperature
¢ Hefei Yes 3. Video record
D Lhasa Yes '
0.8in 0.6m 0.6

Ceiling

1 0.9m Thermocouples

R
|21

[£%7] FElecmical Scale

0.9m
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/

Fig. 2. Experimental setup for Jet-A pool fire research

3. RESULTS AND DISCUSSION

Due to the high heat of combustion of Jet-A fuel, the burning on the pool is violent, with a meters-high
flame scale and drastic air entrainment compared to previously conducted solid cardboard box fires [4, 5].
The low pressure and ceiling board significantly affect the buoyancy-driven surrounding flow and then the
burning behavior. Some major parameters related to combustion characteristics are measured in Lhasa and
compared with those in Hefei to characterize the fire behavior of Jet-A pool fire.

3.1. Burning rate

The entire burning process contains four different stages [14], i.e. initial burning stage, quasi-steady
burning stage, boiling burning stage and decay stage. However, due to the cooling effect of the water at the
bottom of fuel pan, the boiling burning stage can hardly be achieved, as shown in Fig. 3.

Figure 3 plots the measured burning rate curves in the whole test process, with the quasi-steady burning
process marked. The figure clearly indicates that the duration of stable burning in Hefei is slightly longer
than that in Lhasa, no matter for cases with or without the ceiling. Meanwhile, the decreasing pressure
influences the flame heat feedback, and correspondingly leads to the decreased burning rate [6] and
increasing burning time [4]. The mean burning rates of the entire combustion process of case A to D are
5.94 gfs, 4.19 g/s, 6.69 g/s and 5.08 g/s respectively. The results show that: 1) affected by the forced
ventilation, the mass burning rates at low and high altitudes have the ratio of m, /m, ~0.74, for all cases, i.e.

m~ P2, in consistent with the theoretical correlation of pressure modeling [15, 16] based on convection-
dominant assumption and the results of cardboard box fires [4, 5], but different with the previous studies of
pool fire in Lhasa [2, 6, 8] which suggested that m ~ P“( « >1) in radiation domination; 2) the addition of

ceiling (square insulation board) enhances the air entrainment for burning , and the re-radiation from the
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fumed ceiling also tends to increase the flame heat feedback, although this role has been minimized by
fumed to black before the tests. Finally, the ceiling effect strengthens the mass burning rate by about 40%.

o— Test.#1 o— Test#.1

104 o— Test#2 | 104 o Testt.2 |
romsih s— Test#3 2 Test#3
N Average —— Average|
~ 84 g — 84 g
@2 @2
5 5
© 6 © 64
- -
2 4 p i 3 2 ad i
E o .Quasi-steady E —Quasi-s?eady
a 2| | Buring ! a 2 Bl'"'“"':‘g
0+ 0+
T = T - T T T T T T - T T T T
0 100 200 300 400 500 0 100 200 300 400 500
Time (s) Time (s)
(A) Hefei-with no ceiling (B) Lhasa-with no ceiling
14 T : : 14 . .
o— Test.#1 a— Test#1
12 a o— Test#2 12 o— Test#2 |
| o— Test.#3 +— Test #3
104 Average- 104 | Averagel|

Quasi-stéady 7 R
' Burning

Burning rate (g/s)
ES

Burning rate (g/s)
ES

' Quasi-steady

04 Burning 04 : :
L‘) 5‘0 160 15rO 2EI)O 2%0 3;)0 35r0 460 450 L‘) 5‘0 160 15rO 2EI)O 2%0 3;)0 35r0 460 450
Time (s) Time (s)
(C) Hefei-with ceiling (D) Lhasa-with ceiling

Fig. 3. Burning rates of Jet-A pool fires

3.2. Flame height and centerline temperature distribution

Pool fire plume is principally buoyancy driven, which means flow has been induced into the plume due to
an increase in temperature or consequent reduction in density [17]. The air entrainment rate is closely
related to the fire plume temperature and the flame height [18, 19], which are critical parameters to
characterize the burning behavior. An explicit equation for flame height (Hy) is developed by Heskestad
based on the virtual origin correction [20],

H, rc T 31 \2/5

— =156 = -1.02 (1)
where,

N mAh mAh

_115~P5“2 @)

Q- °
p.C,T,\/gD*"?

Here r is the stoichiometric air to fuel ratio, Ah_/r ~3000 kJ/kg [21], and P is the ambient pressure in KPa .
From Eq. (1) and (2), H, =1.46(mAh, / P)?® —1.02D, and the mean flame heights predicted for case A to D

are 1.51 m, 1.59 m, 1.61 m, and 1.77 m respectively, with the assumption of a constant heat of combustion
(Ah, =43.5 kJ/g). The expression indicates that the flame length increases under lower pressure, which has

been experimentally observed by Li et al [2, 3] and Niu et al [4, 5]. Meanwhile, because the ceiling is
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sufficiently low (H; > 0.9) for direct flame impingement, part of the flame was deflected horizontally and
becomes the ceiling jet flame [21], as shown in Fig. 4.

Fig. 4. Figure of flame impinging to the ceiling

McCaffrey [22] investigated the average temperatures on the centerline of axisymmetric buoyant methane
diffusion flames on a 0.3 m square porous burner, and divided the while flame into three regions, i.e. flame,
intermittent and plume, which can be scaled by the relation of z /(Q")%/®.

Figure 5 (a) plots the centerline temperatures rise (AT =T, —T,,) for cases without ceiling in Hefei and

Lhasa. Using Eq. (2), the temperature data were correlated against 7 /(m/P)¥°. The fitting results for
intermittent region indicate that the exponent 7 is 1 at sea-level altitude, which is in accordance with the
previous study [22], but 77 decreases to a lower value at high altitude. The deceasing pressure produces a
higher temperature in the intermittent region, which is because the local equivalence ratio, i.e. the fuel
fraction relative to the reduced oxidizer concentration rises towards the unity [23]. The temperature in
flame region (AT > 400 K) measured in Hefei is higher than in Lhasa, as shown in Fig. 5(a) and (b), which

is because of the decreasing of local equivalence ratio [23]. Besides, the centerline temperatures in cases
with ceiling are much higher than those without ceiling in Hefei tests, and the ceiling produces a slower
decline of the temperature along the vertical height. The added ceiling also causes the ceiling temperature
(T8) slightly higher than that of the lower position (T7). However, the ceiling effect is generally weak for
cases in Lhasa. For the more comprehensive studies, fire suppression tests on the ceiling fires and the
measurement on temperatures at different horizontal locations under the ceiling are necessary, which will
be conducted in the future.
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Fig. 5. Average temperatures on the centerline of Jet-A flames
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4. CONCLUSION

In this study, Jet-A pool fire tests were conducted at two altitudes to examine the effect of pressure and
ceiling on the fire behavior. The major conclusions are summarized as follows:

)

O]

The time duration of quasi-burning stage was shortened with the decreasing of pressure, and the
burning rate meets the correlation m~ P?*, which is in accordance with the theoretical derivation
of pressure modeling based on the assumption of convective domination. The addition of ceiling
increases the heat feedback and correspondingly the average burning rate.

The flame height is predicted to be higher at high altitude by the theoretical derivation
H, ~(m/P)2’®. The centerline temperature decreases in the flame region but increases in the
intermittent region at higher altitude. The temperature rise AT is correlated against (z /Q")2/s)",
where the power 7 was lower at higher altitude. Similarly, the addition of ceiling strengthens the

re-radiation and produces a higher centerline temperature. The ceiling effect is observed to be more
obvious at sea-level altitude than at high altitude.
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