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ABSTRACT operating conditions must be determined. Hence, it is
The suppression mechanisms of a nonpremixedot known whether or not the flame extinguishing data
flame stabilized behind a backward-facing step in a windising conventional cup burner or counterflow diffusion
tunnel have been studied using a gaseous firdlame methods [7, 12-14] can characterize the bluff-
extinguishing agent (Halon 1301, body stabilized flames.
bromotrifluoromethane) into the airflow. Methane or JP-  The objectives of this study are: (1) determine
8 jet fuel was used to simulate a pool fire behind a cluttedifficult-to-extinguish cases by a parametric
in the aircraft engine nacelle. The characteristic mixingnvestigation, (2) gain a better understanding of the
time (fexy) in the recirculation zone in the wake wasflame stabilization and suppression mechanisms of
measured by impulsively injecting salt water mist into thebluff-body stabilized flames, and (3) develop a
airflow and by determining a time constant for thephenomenological model that can be integrated into
exponential decay of the sodium D-line emission at higltomputational fluid dynamics models for predicting
temperatures. For three different step heighfs gnd  fires and their suppression.
various mean inlet air velocities () Te. linearly In the previous paper [15], the critical suppression
depended omy/U,, For both methane and JP-8 fuelslimits of step-stabilized methane flames were reported
under relatively high air velocities, the dependence of th&r two different step heights and various air velocities
critical agent mole fraction at extinction on the injectionusing Halon 1301 as the baseline agent. In this paper,
period is predictable using the characteristic mixing timghe new suppression limit data are reported for
and the minimum agent mole fraction, which is a fueladditional step height and air velocity, and the JP-8
property measurable by a steady-state cup-burner methdifjuid fuel pool flame was used as well. More
importantly, the characteristic mixing time in the
INTRODUCTION recirculation zone was measured for the first time to
A recirculation zone formed behind a clutter in thegain a better understanding of the fundamental
aircraft engine nacelle, which encases the engingechanisms of fire suppression.
compressor, combustors and turbine, can stabilize fires
under over-ventilated conditions [1-7, 9, 10]. The fuel EXPERIMENTAL TECHNIQUES
sources are leaking jet-fuel and hydraulic-fluid lines that  The experimental apparatus (Fig. 1) is essentially
can feed the fire in the form of a spray or pool. the same as reported in the previous paper [15] with
Suppression occurs when a critical concentration ofome modification for the liquid fuel. The apparatus
agent is transported to the fire. As currently-used Halogonsists of the fuel, air, and agent supply systems, a
1301 (CRBr) fire extinguishant is replaced with a horizontal small-scale wind tunnel, and a combustion
possibly less effective agent, the amount of replacemenroduct scrubber. Methane issues upward at a mean
agent required for fire suppression over a range ovelocity of 0.7 cm/s (flow rate: 10 I/min) from a porous
plate (150x 150 x 12.7-mm thickness, stainless steel)
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Copyright © 1999 by the authors. Published by the American fuel pool configuration. A liquid fuel (JP-8) supply and
Institute of Aeronautics and Astronautics, Inc. with permission.

1
American Institute of Aeronautics and Astronautics



leveling system consists of a fuel tank (volume: 7.6 1), aletermine the probability of extinction. Then either the
liquid fuel tubing connecting the fuel tank and thestorage vessel pressure or injection period is varied
porous plate housing, and a pressure tap tubing from thetep-wise and repeat the experiment. The extinction
top of the test section to the other end emerging into theondition is confirmed at a probability of 90% chosen
fuel tank sight glass. By adjusting the height of the tiparbitrary.
of the pressure tap tubing in the fuel tank sight glass, The characteristic mixing time is measured as
the liquid level in the test section can be controlledfollows. A fine-mist spray of saturated salt (NaCl)-
automatically. water solution is injected impulsively (~1 s) into the air
The airflow is regulated by passing throughsupply plenum before a honeycomb flow straightener
honeycombs, a diffuser, mesh screens (#100), asing an artist's airbrush. The emission by flame
contraction nozzle, and a turbulence generatingeaction of sodium (D-line, 589 nm) in the high
perforated plate (33% opening, 2.4 mm-dia. holes). temperature recirculation zone is collected by a lens and
The turbulence level in the wind tunnel is typically passed through an interference filter, and detected by a
~6%. The mean air velocities at the test section inlgbhotomultiplier. The converted electronic signal is
(Uag) and the stepU,y are calculated by dividing the conditioned by a low-pass filter (cutoff frequency:
volumetric flow rate by the cross-sectional areas of theypically 20 Hz) and an amplifier. The emission
full test section and the air passage above the stemtensity reaches a maximum value during the pulsed
respectively. injection and then decays exponentially based on the
The agent supply system, which is similar to that ofturbulent material exchange between the recirculation
Hamins et al. [7, 9], consists of a (liquid) agentzone and the free air stream based on the first-order
reservoir (3.8 1), two connected gaseous agent storaghfferential equation:
vessels (38 | each), and a computer-controlled solenoid
valve. The gaseous agent was injected impulsively into C = -1(dC/d) (1)
the air ~1 m upstream of the flame. Uniform agent
dispersion into the airstream was achieved by injectin
the agent radially into a reduced diameter (108 mm o
section of the air passage through 16 6.4-mm-dia. holg&Juation is
in a 25.4-mm-o0.d. closed-end tube. The mesh screens
and a perforated plate downstream ensure complete (C/Co) = exp(¥/D) @)

agent-air mixing prior to entering the flame zone. ThewhereC, is the initial concentration. Figure 2 shows a
storage volume, including two pressure vessels anfipical signal trace of the normalized sodium emission

aszomated plqmﬁ:ng, IS 7%9:' Thevagen: t?mrrfraturirﬁtgnsity. The characteristic mixing timeletyp), or
\?vrilh gr?ss;r_? t"f:ern?oi?)(lzjorl]e ;,n%rz\gereggife ?raens deuiseurrgsidence time, in the recirculation zoisedetermined
yp - P 1 ap .~ from the slope of the plot. The measurement is repeated
The amount of injected agent is controlled by varying, . -iiv 20 times and averaoed
the initial pressure and the time period that the valve ig/Preaty ged.
open and determined from the difference between the RESULTS AND DISCUSSION
initial and final pressures in the storage vessel using the Figure 3 shows the measured characteristic mixing
s iy v o s st ot e iferent step hights ALl a
rmined by dr 9 N a0€Nlelocities Ua<3 m/s) and long mixing times

flow rate ([volume]/[injection period]) by the airflow o
rate. (Texp>0.5 s), the measurement was prohibited due to

The cyclone-type scrubber is attached to the exit ofigh-amplitude, low-frequency noises. For a givign

the test section to remove acidic gases (HF) by watefexp decreased monotonically with an increasgg For

sprays from eight pressure-swirl atomizers on the top, fixedU,,, Texp increased proportionally with, Thus,
plate. The gases are exhausted through the central tupR, qata points were repotted agamét),, in Fig.4. A

and the water is collected in a drain tank. An air-driveryoaq finear correlation (the coefficient of determination
ejector is attached to the scrubber exit to reduce thg2 - 0.943) was obtained as

backpressure and adjust the pressure of the test section

to atmospheric. T. =22.79 S/U 3
The extinction limit experiment is conducted as &P 0/Usd ®)

follows. First, a stable flame is established for a fixed, iheo range obl,>3 M/s andle,;<0.5 s.

mean airflow velocity, and then the agent is injected for In the previous paper [15], the critical agent mole

a particular storage vessel pressure and an injectiqpaction at suppressionX{) of methane flames as a
period. The agent injection test is repeated 20 times to

hereC is the concentration of sodiumnis the elapsed
ime, andr is the time constant. The solution for the
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function of agent injection periodM) at different mean theoretical curves showed a general trend obtained

air velocities was reported for two different step heightsexperimentally; the curves for the measurddyp
(hs =32 mm and 64 mm). Figure 5 shows the new resultgenerally follow the data points for different step

for hs = 96 mm, indicating the similar trend; i.e., AS heights. Surprisingly, the measur@gkss for h, = 32

was mgreased for a glvenpao X 'decreased mm, 64 mm 96 mm are almost exactly the same as
monotonically. As the step height was increased, th

guppression-limit curves -generally shifted .upward (an(?l rbltlg?é:)r/ecr;ozﬁgvilr; t&zﬁféﬁuzfptizeagg]b oints using
rightward); namely, for givetd,, and At, X; increased , o , ,
and for a fixedJ,o andX,, At increased. For a low, the normalized agent injection periodt/Texp) with a
large X, andAt were required to suppress the flame. Astheoretical curve of Eq. (4) with., = 0.025 andlexp
pointed out in the previous paper [15], fof = 0.3 m/s, from Eg. (3). Becaus@yp is proportional tchyUq a
the extinction limit curve exceeded the design conditiorplot using hy/U, in abscissa showed the same trend
for the current halon fire-extinguishing system in the[15]. The data points for three different step heights
engine nacelle, which requires to achieve 6% agemearly corrupted into a single curve, and can be
concentration everywhere for at least 0.5 s. At this aipredicted theoretically.
velocity, the extinction limit curve fohs = 96 mm was From a practical point of view, the total amount of
even farther shifted upward and rightward. agent delivered under a given air flow rate condition is
For higher air velocities, there was a minimum agenfmportant. Figure 8 shows a re-plot of the data, presented
mole fraction below which no extinction occur even atin Fig. 5, in which the total agent mass required to
long injection periods. The value determined previoushextinguish the flamengy) is plotted as a function of the
[15] is X, =.0.025 and applies to all step heights. Thiscritical agent mole fraction. Figure 9 shows the minimum
agent concentration threshold must be a property of th@tal agent massniy. m) determined from Fig. 8,
type of fuel and is roughly consistent with the minimumtogether with the previous result [15], plotted against the
agent concentration of ~3 % obtained using a cup burnefean air velocity at the step. Hels was used because
and counterflow diffusion flames at a low strain rate (50the flame detachment process was controlled by the local
s) [7, 8]. Furthermore, there existed a minimumvyelocity rather than the globll, AsU,swas increased,
injection period, below which the flame could not bemm,' minincreased proportionally, and the transition from
extinguished even at high agent concentratidhs:0.05 regime | (rim-attached flame) to 1l (wake-stabilized
s forhs=32 mmAt = 0.1 s forh, = 64 mm [15], andit=  flame) occurs as the curves tend to level off. A larger
0.15 s forhg = 96 mm. step possessing a larger recirculation zone volume
In the previous paper [15], it was shown that therequires a larger agent mass to achieve the same agent
suppression-limit curves for high air velocity cases can beoncentration in the recirculation zone to extinguish the
explained by the turbulent mixing between theflame.
recirculation zone and the free air stream using the Figure 10 shows the suppression-limit curves for the
following equation derived by Hamins et al [10] based onJP-8 fuel flames for two different step heights and two air
a phenomenological model for a well-stirred reactowelocities, corresponding to regimes | and Il. The
developed by Longwell et al. [16]. It was assumed thatheoretical curves of Eq. (4) wit, = 0.04 andrey, from
the flame was stabilized in the recirculation zoneEq. (3) are included in the figure as well. The JP-8
downstream of the baffle. To extinguish the flame, theesults showed a trend similar to that of methane except
agent mole fraction in the recirculation zone had to obtaifor the higherX.. The theoretical curves show the
a critical value X.,). Complete mixing of the agent in the experimental trend not only for the high air velocity but
also for the low velocity case in regime | although there is

X (At >>T) a larger scatter in the experimental data points. The result
Xc(At) = T (~DtT) (4) suggests that there is a potential for a universal treatment
I-e of the data trend applicable to various fuels and geometric
recirculation zone was instantaneous. configurations.
where T is the characteristic mixing time for Unlike gaseous fuel experiments, the rate of

entrainment into the recirculation zone.  For longvaporization of a liquid fuel and, in tumn, the fuel flow
injection periodX.= X... For short injection period, large rate varies depending on the heat transfer from the flame

free stream agent concentrations are required to obtaffl the fuel surface. As a result, the appearance of the
extinction. flame depends on the air flow rate, which changes the

Figure 6 shows the extinction limits fogo= 7.1 m/s  heat transfer conditions, in addition to the differences

for tree different step heights and theoretical curves usingetween the rim-attached and wake-stabilized flames.
Eq. (4) With X, = 0.025 andTeyp from Eq. (3). The However, the effect of the fuel flow rate appears to be
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relatively small because of the nonpremixed flameb.
characteristics. Furthermore, the JP-8 flame produced
significant amount of soot, which was quickly

accumulated on the windows and inner walls of the test
section, making the experiment more difficult. 6.

CONCLUSIONS

The extinction limits of nonpremixed methane or
JP-8 flames stabilized by a backward-facing step in an
airstream were reported using a gaseous fire-
extinguishing agent (Halol301). The characteristic
mixing time in the recirculation zone, measured by they.
sodium D-line emission decay, proportionally depends on
hJ/U,c The measured data points of the critical agent
mole fraction at extinction expressed as a function of the
agent injection period normalized by the characteristi@.
mixing time collapsed into a single curve, which closely
follows the curve derived theoretically. The volume of
the recirculation zone relates to the agent mass required
to achieve the same agent concentration in thé.
recirculation zone to extinguish the flame. The trend of
the suppression limit curves is the same for methane and
JP-8 fuel except the minimum agent mole fractiorXof
=0.025, and 0.04, respectively.
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