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Pool Fire-Ventilation Crossflow Experiments
in a Simulated Aircraft Cabin Interior

C. P. Bankston* and L. H. Backt
Jet Propulsion Laboratory, California Institute of Technology, Pasadena, California

An experimental facility has been built and instrumented at the Jet Propulsion Laboratory to study pool fire
dynamics and flame spread in a Vz-scale simulated aircraft cabin interior. In this paper, the results of pool fire-
ventilation crossflow experiments are reported utilizing a "channel" pool fire subjected to crossflow velocities
that replicate possible flow conditions in a postcrash wide-body aircraft. Measurements made include detailed
gas-phase temperatures, fuel evaporation rate, radiative and total heat fluxes, oxygen concentrations, and
flowfield characteristics. The nominal crossflow velocity was varied from 0.24-0.8 m/s and results show that the
energy release rates and combustion efficiency decrease with decreasing flow velocity. The crossflow velocity
had a strong effect on visible flame geometry, tending to tilt the flame over sharply. However, a reverse-flow
ceiling jet of hot gases was also present in all tests, extending far upstream of the fire. That is, despite the ap-
pearance of the visible flame, the vertical momentum of the plume was strong enough to establish the reverse-
flow layer, thus spreading smoke and toxic gases upstream against a significant ventilating flow. These data pro-
vide new details on fire and flow interactions in ventilated, tunnel-like geometries. The observed general flow
characteristics have also been observed in mine tunnel fires and thus the information presented has application in
the evaluation of hazards from fires in aircraft fuselage interiors, mine tunnels, and building corridors.
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Nomenclature
= cross-sectional area of test section, 1.16 m2

= fuel pan width, 0.30 m
= specific heat of combustion gases, J/g-K
= fire-crossflow parameter, 2gHQ/paCTsAu3

= gravitational acceleration, 9.8 m/s*
= reverse-flow layer depth at the /th flow direction pro-

be location in the downstream (x) direction, cm
= smoke layer depth at the first flow direction probe

(x= 1.68 m) just downstream of the test section
inlet, cm

= test section vertical height, 0.76 m
= fuel mass loss (evaporation) rate, g/s
= radiative heat flux at the test section ceiling at the nth

radiometer location in the downstream (x) direction,
W/cm2

= total heat flux at the test section ceiling at the nth
calorimeter location in the downstream (x) direction
W/cm2

— energy release rate of the pool fire, kW
= available chemical energy release rate calculated from

the product of fuel evaporation rate and heat of com-
bustion, kW

= energy required to evaporate the fuel calculated from
the product of fuel evaporation rate and heat of
vaporization, kW

= convective energy transport through the exhaust
stack, kW

= energy transferred to the fuel pan cooling water, kW
= ventilating air ambient temperature, K
= peak measured gas-phase temperature in the test sec-

tion, K
= mixed mean temperature of exhaust gases, K
= local gas flow velocity in the x direction, m/s
= nominal gas flow velocity in the x direction just

upstream of the fuel pan, m/s
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W =test section span width, 1.52 m
x = coordinate in the ventilation flow direction, m
y = coordinate in the vertical direction, m
z —coordinate in the spanwise direction (see Fig.7), m
0 = coefficient of volume expansion, K ~ l

f] = combustion efficiency (Q/Qa)
n nr nr vy = 1 s~1 a> K

pg = density of incoming ventilation air, g/cm3

ps = smoke particulate density in the exhaust stack flow,
mass of particulates per unit volume of gas, g/cm3

Introduction

T HE role of fire spread in aircraft fire safety is very impor-
tant since it determines the time in which a fire grows to

dangerous proportions in the cabin or other compartments. In
the postcrash fire scenario, there is a need for an understand-
ing of the interaction of the fire plume with crossflow ventila-
tion and the flame spread characteristics of aircraft interior
materials. However, the mechanisms and processes that con-
trol fire dynamics, ignition, and flame spread rates are ex-
tremely complex and depend on a variety of physical and
chemical parameters. In order to identify the controlling
parameters, experimental data are needed for an adequate
understanding of observed fire spread phenomena.

The postcrash fuel fire has been studied in full-scale
experiments1"4 at the Federal Aviation Administration Tech-
nical Center (FAATC) utilizing a C-133 aircraft fuselage to
simulate a wide-body commercial transport aircraft cabin.
These experiments have been directed toward evaluating
hazards associated with penetration of a large (2.5x3.0 m)
fuel pool fire through an opening into the cabin. State-of-the-
art and advanced interior panel and seating materials are
tested and evaluated for their possible contributions to or
prevention of fire propagation and accompanying fire
hazards. These data are also compared with the results from
standard small-scale tests in order to evaluate the ability of the
small-scale tests to predict full-scale results.4'5 An analysis of
these tests by Quintiere and Tanaka6 has emphasized the im-
portance of wind in predicting relative cabin hazards when
only the fire door and one exit door is open.

Other full-scale tests have been conducted at the NASA
Johnson Space Center (JSC) in a B-737 fuselage section.7'8
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These tests utilized small fuel pools (0.6 x 0.6 m) ignited inside
the cabin under natural and forced ventilation conditions. In-
terior panel and seating materials exposed to this fire were
tested for their fire response characteristics. In addition, the
JSC results were utilized for comparison with the predictions
of various mathematical models.

Full-scale test programs have also been conducted at the
Boeing Commercial Airplane Company and the Douglas Air-
craft Company. The Boeing tests8 emphasized comparison of
full-scale results with small-scale tests of materials. The
Douglas cabin fire simulator has been utilized for full-scale
testing of lavatory configurations9 and passenger seat
materials10 and for the development of a combined hazard in-
dex (CHI)11 to be used in the evaluation of relative hazards
associated with different interior materials.

The results of these test programs have shown, not surpris-
ingly, that it is still difficult to extrapolate standard small-scale
test results directly to the full scale. More importantly, it was
found..that the major factor affecting fire penetration and
spread in an aircraft fuselage is the ambient wind
condition.1"3'6'12'13 In the postcrash situation, wind is almost
always present and, when the doors are opened, the pressure
distribution over the fuselage can result in significant axial
velocity components along the length of the fuselage interior.
Thus, an externally initiated fire may be blown through an
opening and its spread then augmented by the induced flow
along the interior of the fuselage.

Obviously, the above described large-scale tests are expen-
sive to conduct. In addition, many complex phenomena take
place that make it difficult to elucidate the mechanisms of fire
spread on a detailed basis. To do so would require even more
extensive and costly instrumentation than is currently em-
ployed. Thus, reduced-scale experiments that incorporate
some of the essential elements of the full-scale situation are re-
quired and have been carried out. Eklund14'15 has demon-
strated the utility of using reduced-scale (1/16-1/4) tests for
simulating the postcrash fire situation. In that work, penetra-
tion of an external fire into the fuselage was studied. Also,
Quintiere et al.16 have had some success in 1/7-scale simula-
tions of fire flows in corridor geometries similar to an aircraft
fuselage interior.

As part of NASA and FAA efforts to study the postcrash
fire scenario, a pool fire and flame spread test facility was
built at the Jet Propulsion Laboratory (JPL) to study fire
dynamics and flame spread under controlled conditions that
simulate actual fire situations in a !/3-scale aircraft interior
geometry. The objectives of the present experimental in-
vestigation are to study pool fire and crossflow interactions as
they relate to aircraft cabin interior fires under postcrash
conditions.

System, Instrumentation, and Experiments
The pool fire and flame spread test facility was designed to

simulate a fuel fire that has penetrated an opening in an air-
craft fuselage and spread across the width of the interior. The
cross-sectional dimensions (0.76 m high x 1.52 m wide) are ap-
proximately one-third the dimensions of a wide-body trans-
port aircraft interior. The fuel source is Turbojet-A (kerosene)
and the ventilating air supply provides air at flow velocities
that replicate possible flow conditions under postcrash condi-
tions.13 These conditions assume that other doors along the
fuselage length have been opened for passenger egress.
Pressure differences over the fuselage cylinder due to wind
then produce13 an axial ventilation flow along the fuselage.
This ventilation flow along the fuselage length is the condition
we simulate here. The data presented describe fire dynamics
under varying ventilation crossflow conditions.

The experimental system (Fig.l) is composed of four
modular, interchangeable sections of welded 3.2 mm thick
hot-rolled steel construction. The test section is 3.4 m long and
is covered with 2.5 cm thick ceramic fiberboard insulation.
Ventilating airflow is provided by a centrifugal blower that

supplies a maximum flow of approximately 57 mVmin (2000
ftVmin). A damper upstream of the blower inlet controls the
flow rate and pitot and static pressure probes immediately
upstream of the blower inlet are used to monitor it. After
exiting the blower outlet, the flow is turned 180 deg and passes
through two layers of 20 mesh screen and 10 cm of honeycomb
upstream of the test section. Hot-film anemometer traverses
were taken at several locations in the test section under non-
combusting conditions to characterize the incident flow. A
summary of the results is presented in the Appendix. Nominal
velocities in Table 1 were determined from these data at dif-
ferent flow rates. After leaving the test section, the flow exits
through a 61 cm diameter exhaust stack (Fig. 1).

The fuel pan is 0.30 x 1.52 m and spans the width of the test
section. It thus provides a 0.3 m "channel" fire across the
section. It was estimated that this pan width would pro-
duce a pool fire flame height approximately equal to the
height of the test section under quiescent conditions based on
correlations presented by Thomas.17 The steel pan is double-
walled and cooled by water flowing through a 4.8 mm gap be-
tween walls. The typical water flow rate during tests is 12-13
liter/min. The pan is mounted flush with the test section and is
5.1 cm deep. A 2.5 cm thick ceramic fiber blanket covers the
bottom and acts as a wick. It was found that a fuel soaked
wick provides a relatively uniform burning surface and is more
safely controlled. Previous data18'19 show that burning fuel
soaked wicks closely replicate the burning characteristics of
open liquid-pool fires.

Prior to the start of a test, the fuel is preheated by a 3.2 mm
diameter resistance heating element that is placed in a "U"
shape on top of the wick along the length of the pan. This pro-
vides for rapid ignition over the entire fuel surface at the start
of the test. The fuel is ignited by an external pilot flame
inserted through a port in the sidewall of the test section.
Complete ignition is achieved over the fuel surface in approxi-
mately 5 s, after heating at 600 W for 10 rnin. The fuel pan is
supported from one end by a fulcrum and on the other by a
rod in turn supported by a load cell. The fuel pan is completely
enclosed by an outer cover attached to the bottom of the test
section. The load cell support rod extends to the load cell
through a silicone-rubber diaphram fitted in the outer cover.
The fuel pan support system provided continuous fuel weight
loss data during selected tests.

Gas phase and surface temperature data are provided by 60
chromel-alumel (type K) thermocouples located on probes as
shown in Fig. 2. Temperature data is recorded sequentially on
a 60 channel data logger sampling at 0.5 s per channel. The
probes are located along the test section centerline and at
selected off-center spanwise locations as needed for each test.
Two water-cooled radiometer and calorimeter pairs are
mounted in the ceiling along the centerline of the test section
(Fig. 2). The sensing elements are of the thin metallic foil type
and the radiometers have sapphire windows purged by a
nitrogen gas flow. The time constants for the radiometers and
calorimeters are 0.5 and 0.3 s, respectively. The calorimeters
and radiometers are calibrated using a tungsten filament
quartz lamp reference source before and after each test. Heat
flux data during the tests are recorded continuously on strip
chart recorders.

Six gas sampling probes are sampled sequentially during
tests and analyzed for oxygen concentration. One probe was
located in the exhaust stack and the remaining five were in the
exit plane of the test section (Fig. 2). Each line is sampled for
5 s in sequence and cycling is continuous. The oxygen concen-
tration data are utilized to calculate the energy release rates
during the steady period of the tests by oxygen consumption
calorimetry.20 Finally, soot is sampled continuously from the
exhaust stack during tests and collected on two glass fiber
filters in series.

Twelve viewports are provided for visual/photographic
observations upstream of and along the test section (Fig. 2).
Five flow direction probes are located 40-50 cm off the test
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section centerline and extend 38 cm down from the test section
ceiling. The probes (Fig. 3) are 10 cm wide rectangles con-
structed from 3.2 mm steel rod. Thin 0.01 mm thick Kapton
strips are attached loosely at both ends at 2.5 cm intervals
along the length of the probe. The strips are spaced at 1.27 cm
intervals along the top 5.1 cm adjacent to the ceiling. The flow
direction is then indicated by the direction in which the strips
are blown or bowed; the direction of the flow is recorded as a
function of vertical height by observers during experiments.

In this study of pool fires with crossflow, tests have been
conducted for three crossflow velocities in a range that
simulates postcrash wind-induced flow (0.24-0.8 m/s). Ap-
proximately 4 liters of Turbojet-A (kerosene) fuel is used to
saturate the wick. The three crossflow velocities are equivalent
to approximately 100, 50, and 25% full flow.

Previous studies of liquid pool fires in crossflow have been
directed toward the effects of wind on the geometry of the
flame region and the resulting radiation effects.21"23 Channel
fires were studied in calibrated crossflows, either with an
essentially unconfined vertical geometry21 or with a vertical
height-to-pool width ratio (H/b) that was much greater22'23

than the present study. Welker et al.22'23 looked at H/b>\2,
while in the present experiment H/b = 2.5. Also, Fu's work21

was carried out by drawing the airflow over the pool fire using
a suction duct. Fuel evaporation rates were not measured for
channel fires in the Fu study, while results obtained from fuel
evaporation rate measurements by Welker et al. were ap-
parently ambiguous. Both studies reported a strong wind ef-
fect on visible flame geometry, and Welker determined drag
coefficients from a momentum balance. However, only the
visible flame geometry was characterized and details of the
plume were not reported in detail. In any case, differences in
the geometry and flow conditions between the two cited
studies and the present one did not allow direct application to
the present situation.

Results and Discussion
The results of pool fire-ventilation crossflow experiments

obtained in the JPL facility are summarized in Table 1. They
include three tests at different crossflow velocities utilizing the
cooled fuel pan and one earlier test (A) that used an uncooled
pan at full flow.

The total energy release Q was calculated by oxygen con-
sumption calorimetry using O2 depletion measurements in the
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exhaust stack during the quasisteady period. The available
chemical energy Qa was calculated by taking the product of
fuel mass evaporation rate and the heat of combustion for
Turbojet A (42.78 kJ/g). Using these quantities, combustion
"efficiency" 77 was determined for tests B and C. Energy con-
vected out the exhaust stack Qs was calculated from the
temperature in the stack and the measured mass flow rate
through the test section. The energy required to evaporate the
fuel Qe is the product of fuel evaporation rate and heat of
vaporization (291 J/g). For comparison, the heat transferred
to the pan cooling water Qw was determined by measuring
water flow rate with a rotameter and the temperature rise be-
tween pan inlet and outlet. Other quantities shown in Table 1
will be discussed later.

Composite plots of time-varying data for temperature,
oxygen concentration in the exhaust stack, fuel mass loss, and
heat flux are given in Fig. 4 for the cooled-pan tests (B-D).
They show that, in general, after an approximately 30 s tran-
sient, a relatively stable period of burning was maintained for
an additional 1.5-2 min. Thereafter, burning gradually
decreased in intensity. This tendency is believed to be due to
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Instrumentation and measurement locations in the test

FIRST 61 cm SEGMENT
OF TEST SECTION ATTACHED
TO CONVERGING INLET

Fig. 1 Experimental system diagram.
Fig. 3 Flow direction probe and two temperature probes located in
the first 0.6 m of the test section.

Table 1 Pool fire-ventilation crossflow test conditions

Test

A
B
C
D

Flow

Full3

Full
1/2

1/4

u, Q,
m/s kW

0.80 215
0.80 140
0.43 125
0.24 125

Tm mf,
K g/s

862 NAb

720 3.6
880 4.1
910 NAb

Qa>
kW

NAb

154
175

NAb

Qs> 1, Qw> Qe>
kW % kW kW

140 NAb NAb NAb

110 91 2.5 1.05
70 71 4.4 1.19
58 NAb 3.5 NAb

<v
W/cm2

NAb

1.0C

1.0C

0.7c'e

i<r
W/cm2

NAb

1.0C

1.2C

0.7c'e

^2'
W/cm2

NAb

0.5C

0.5C

0.3C

Qtr
W/cm2

NAb

0.7C

0.6C

0.6C

hlt
cm

NAb

14d

25
27

hs, Ps> Ta,
cm g/cm3 x 106 K

NAb

20
50
76

NAb

0.2
NAb

0.3

289
285
292
286

aUncooled fuel pan. bNot available. cEstimated mean value after steady period established. dFor test B: H2 = 19 cm, /J3 = 6.4 cm, H4=4.l cm, H5 = 0. eHighest peaks at 2.0-2.5
W/cm2.
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TEMPS. AT LOWEST THERMOCOUPLE
IMMEDIATELY DOWNSTREAM OF FUEL PAN
( x= 1.68m, y = 0.19m, z = 0.61 m)
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Fig. 4 Composite plots of characteristic temperature, oxygen con-
centration in the exhaust stack, fuel mass loss, and total heat flux
(qti) vs time for tests B, C, and D.

the effect of the wick gradually being depleted of fuel with a
resulting reduced capillary action effect.

The photographs in Fig. 5 show the flame geometries for
three of the tests viewed from upstream of the fuel pan and
one view from downstream at full flow (bottom right). They
show that at full flow the visible, luminous portion of the
flame tip is blown downstream approximately 0.5 m with a
flame height peak at 30-40 cm above the floor of the test sec-
tion. This strong crossflow effect was similar for the test at Vi
full flow, although it appeared to the observers that the flame
tip was blown over further than in the full-flow tests. For test
D at l/4 flow, the photograph shows an initial flattening of the
fire over the pan, but then a more vertical flame profile just
downstream of the pan.

Figure 6 shows temperature isotherms for each of the four
tests listed in Table 1. These data are averages of temperatures
over the 1.5-2 min steady period of each test and averaged
spatially at each point in the spanwise direction. Minimal
variation in temperatures in the spanwise direction was
observed (Fig. 7), thus indicating that the fire and flow en-
vironment is two-dimensional in the mean. In all tests, peak
temperatures were measured at the lowest thermocouple
located just downstream of the fuel pan (x= 1.68 m). Instan-
taneous maximum (peak) temperatures Tm for all tests are
listed in Table 1. Other general features of the temperature
field (Fig. 6) indicate a cooler gas region above the flame zone,

Test A: viewed from upstream,
full flow, uncooled pan.

Test B: viewed from upstream,
full flow, cooled pan.

Test D: viewed from upstream,
l/4 flow, cooled pan.

Test B: viewed from downstream,
full flow, cooled pan.

Fig. 5 Flame geometries viewed from up- and downstream of the
fuel pan (note: scales of B and D are the same; view of test A is from a
closer distance than of B and D).

associated primarily with the crossflow blowing effect, and a
higher gas temperature region near the ceiling that also ex-
tended far upstream of the fire. For the full-flow tests, the gas
temperatures were less for the test with the cooled fuel pan
(test B) compared to the uncooled fuel pan (test A) results.
The effect of lower crossflow velocities for the cooled fuel pan
results was to increase the gas temperatures, as indicated by
comparing tests B-D in Fig. 6. Further discussion of the
associated gas dynamics follows subsequently.

The temperature measurements were made with unshielded,
beaded junction thermocouples. Such measurements are sub-
ject to radiation errors, depending upon gas temperature, gas-
phase absorption characteristics, and proximity to the fire.24

Estimates of radiation errors for the present experimental con-
ditions show that the temperatures are overestimated by less
than 30 K in regions just upstream of the fire (within 0.2 m)
and less than 10 K in regions far upstream (greater than 1 m).
Errors in hot, sooty regions up and downstream of the fire ap-
pear to be minimal.24

The results show that the heat release rate was highest for
test A at full flow using the uncooled fuel pan (Table 1). For
the same flow rate with the cooled fuel pan (test B), the heat
release rate was reduced by 35%. Heat release rates during the
tests at reduced ventilation rates were even lower. Thus, the
relatively small amount of heat removed in cooling the pan has
a major effect on the fuel burning rate. This is presumably due
to the fact that the fuel pan cooling rate Qw is relatively large
compared to the energy Qe required to evaporate the fuel.
That is, for a given rate of energy feedback from the fire to the
fuel pan, less energy is available to evaporate the fuel.

The lower energy release rates at lower crossflow velocities
are likely due to reduced, less efficient mixing at the lower
velocities in the two-dimensional geometry. Note that the
calculated combustion efficiency at the full flow rate is
significantly greater than at the l/i flow rate. On the other
hand, the fuel evaporation rate was higher at the Vi flow of
test C when compared to the full flow of test B. This may be
due to the fact that as the flow velocity decreased, the average
temperatures in the test section increased (Fig. 6). This could
result in more rapid heating and evaporation at the pool sur-
face, although the combustion was still relatively inefficient.
Clearly, however, combustion efficiency, heat release, and
heat feedback to the fuel pool are complex processes that are
very sensitive to the mixing of the crossflow with the fire and
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Fig. 6 Average temperatures and isotherms in the test section during
tests A-D.
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Fig. 7 Spanwise temperature variation in the test section during test
A, x= 1.68 m, 0.25 m downstream of the edge of the fuel pan (viewed
looking downstream).

Fig. 8 Flowfield and smoke layer characteristics in test B (full flow,
w = 0.8 m/s, cooled fuel pan).

plume. In fact, combustion efficiencies can be very low, even
though the airflow is usually an order of magnitude in excess
of stoichiometry based on measured fuel evaporation rates.

For all tests, a strong reverse flow ceiling jet of heated gas
was observed well upstream of the fire. This result is (by the
temperature measurements) indicated in Fig. 6 and was con-
firmed by the flow direction probes. In test B (Fig. 8), the
reverse-flow region extended from 50-60 cm downstream of
the edge of the fuel pan (x—2 m), where the plume stagnation
region is located, back into the converging section upstream of
the test section inlet. Little or no smoke was detected upstream
of the honeycomb and thus the reverse flow was turned and
recirculated at that point. Recirculation of the smoke back
into the main flow resulted in the smoke layer being lower
than the reverse-flow region (Fig. 8 and Table 1).

The existence of the reverse-flow region is somewhat sur-
prising in view of the observed effect of crossflow on the
visible flame geometry. While the flame is blown over signifi-
cantly, heated gas still reaches the ceiling with enough momen-
tum to establish the reverse-flow situation. However, this phe-
nomenon was observed about 30 years ago in studies of mine
fires and a preliminary analysis was carried out by Thomas.25

He defined a fire-crossflow parameter as the ratio of the
buoyancy head (g(3H6) to the velocity head of the ventilation
flow (u2/2). By using the approximate energy balance
Q — pgiicAO, this ratio ^ can be written as

2gHQ
(1)

Thomas25 found that when 3r>5, then a reverse flow ceiling
jet will occur. Values of ^ were equal to nine or greater for all
of the tests described herein; thus, the reversed flow region is
predicted according to this criterion and we have observed it in
all of these tests.

Subsequently, experimental and analytical work by the U.S.
Bureau of Mines26'27 led to the definition of a similar non-
dimensional grouping. In a 0.3 x 0.3 m tunnel where all four
walls were burning wood,26 they found ^ = 4.5 during incip-
ient reverse flow. The analytical treatment27 uses a two-
dimensional, two-layer (ceiling jet and plume) model to
calculate the characteristics and penetration distance of the
reverse-flow region, assuming the fire to be on the floor. The
model27 is similar to the geometry of the present experiments
and the predicted features of the flow are qualitatively similar
to our experimental observations. However, since the reverse
flow region extends back into the converging section for all of
the tests reported here, a detailed comparison with the Bureau
of Mines model is not possible. Future experiments are
planned With an extended upstream test section.

It is interesting to note that even though the present ex-
periments were two-dimensional in the mean, the transport of
hot combustion products to the ceiling occurs. That is, since
streamlines do not cross one another, it would not be possible
for gas in the buoyant plume to reach the ceiling when cross-
flow ventilation exists in two dimensions. However, these
flows are clearly turbulent and turbulence is inherently three-
dimensional. Presumably, the transport of hot combustion
products to the ceiling is due to the existence of relatively
large-scale turbulent structures and this is supported by the
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three-dimensional structures visible in Fig. 5. In any case, the
type of fire and flow situation occurring in our experiments
has been observed in large- and small-scale situations25'26 with
varying geometries, including three-dimensional effects. Thus,
we believe these data are also indicative of the case when the
fire does not extend across the width of the test section and, in
fact, we observed this in subsequent tests.28 Furthermore,
these new data add to the detailed knowledge of the structure
of this type of fire and flow configuration. Such data are
needed to aid in the development of models describing fire in
crossflow situations.

The effect of reducing crossflow velocity was to increase the
depth hi of the reverse flow region (Table 1). For test C at Vz
flow, the reverse-flow layer almost doubled in depth, while the
plume became slightly more vertical in orientation. However,
near the fuel pan, the visible flame was blown over at least as
much as in the full-flow case. Note also that the reverse-flow
layer has the effect of reducing the effective cross-sectional
area of the incoming ventilating crossflow. In turn, this in-
creases the flow velocity incident on the pool fire for the same
mass flow rate of ventilating air. For test C at Ki-flow veloc-
ity, it is estimated that the effect would be to increase the
crossflow velocity by a factor of at least 1.5 based on the
thickness of the ceiling layer and by invoking continuity.

The geometry of the fire and plume at V^-flow rate (test D)
was more vertically oriented than in previous tests. This is evi-
dent in the photograph in Fig. 5 and in Fig. 6d. The reverse-
flow region h{ was only slightly deeper than in the test at Vi .
flow (test C), while the smoke layer hs extended to the floor of
the test section (Table 1). Apparently, a limit has been reached
whereby no further significant reverse-flow layer depth in-
crease will occur. That is, the tendency to deepen the ceiling
layer is balanced by the combination of forced ventilation and
the flow entrainment process at the base of the fire. The
smoke layer has extended to the floor at 14 flow due to more
smoke being transported and introduced into the ventilating
flow at lower levels upstream of the test section.

Other data show that, for the conditions studied, heat fluxes
at the ceiling are usually 1 W/cm2 or less, 70-80% of this being
radiative (Table 1). In the case of the 14-flow tests, heat fluxes

CEILING = 76 ,
EXHAUST STACK = 0.200

0.201 0.202

TEST 6: FULL FLOW

EXHAUST STACK =0.192

0.194

0.194 0.191

0.189 0.195

TEST C: 1/2 FLOW

EXHAUST STACK = 0.182

0.175 0.181

TEST D; 1/4 FLOW

Fig. 9 Average oxygen concentrations in the exit plane of the test
section during tests B, C, and D (viewed looking downstream).

peaked initially at 2.0-2.5 W/cm2 and decreased steadily
thereafter (Fig. 4). Maximum heat fluxes were recorded at the
position (A: =1.68 m) in the ceiling closest to the fuel pan,
followed by a drop in levels 0.5 m further downstream
(jc = 2.13 m) as indicated in Table 1. Also, the heat flux data
(Fig. 4) indicated a pulsation frequency of 1-2 Hz during the
steady period of most tests and this was confirmed by slow
motion replay of video tape recordings of the fire. Oxygen
concentrations varied somewhat over the exit plane as shown
in Fig. 9, where oxygen depletion did not vary significantly
from the exhaust stack measurments. The data in Fig. 9 are
averages for the 1.5-2 min steady period of each test. Finally,
soot concentration in the exhaust stack was estimated from the
total sampled mass of soot in tests B and D. The results (Table
1) indicated higher soot densities ps at the lower ventilation
rate. Further analysis of relative soot production rates will re-
quire accurate measurement of the fuel weight loss and soot
production under all test conditions.

Conclusions
A pool fire and flame spread test facility has been built at

the Jet Propulsion Laboratory to study pool fire dynamics in a
ventilating crossflow and flame spread across aircraft interior
materials. The geometry is one-third the scale of a wide-body
transport aircraft interior with a "channel" pool fire extend-
ing the width of the test section. The first series of pool fire
ventilation crossflow experiments have been conducted with
the following findings:

1) The temperature and flowfield in the test section was
observed to be essentially two-dimensional in the mean. The
fuel pan/wick system provided a steady period of burning of
1.5-2 min during each test.

2) Pool fire heat release rates were strongly affected by
water cooling the fuel pan. When the pan cooling rate was of
the same order as the heat required to evaporate the fuel, heat
release was reduced 35%.

3) Peak temperatures measured were 862 K in a 215 kW fire
in an uncooled pan at the full-flow rate (w = 0.8 m/s) and 910
K in a 125 kW fire in a water-cooled pan at the V* -flow rate
(u = 0.24 m/s).

4) For the experimental conditions studied, the pool fires
were characterized by pulsations at approximately 1-2 Hz.

5) Heat release rates tended to decrease with crossflow
velocity, possibly due to a decrease in the efficiency of mixing.
Combustion efficiency also decreased with the ventilation
rate.

6) The visible flame geometry was blown over significantly
under all test conditions except the lowest crossflow velocity.
However, a reverse-flow ceiling jet of hot gas still was formed
and extended well upstream of the fire. The thickness of the
reverse-flow layer deepened as crossflow velocity decreased
until an apparent limit was reached near V* full flow (0.24
m/s).

7) The existence of the reverse-flow ceiling jet is consistent
with earlier studies of mine fires and a criteria that predicts
conditions for the onset of reverse flow.

The observed interaction of the ventilation flow with the
fire and plume has several implications. First, smoke and toxic
gases may spread in both directions within a^ong ventilated
enclosure. This spread may occur in the upstream direction
against a significant crossflow velocity (in this case for wind-
induced flow through a postcrash aircraft fuselage). Also, the
upstream smoke layer in turning to flow in the downstream
direction extended to the floor of the test section upstream of
the fire at the lowest ventilation rate, thus contaminating the
fresh air region above the floor that was present in the higher
ventilation rate tests. These observations are also important to
the evaluation of in-flight aircraft fire hazards, since ap-
parently only a physical barrier would be effective in stopping
the spread of smoke and toxic gases from a strong fire source.
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Second, the reverse flow ceiling jet may enhance flame
spread along the ceiling against the ventilation flow. Evidence
for this occurring has been observed in mine fires.

Finally, there is a range of crossflow velocities for which the
effective cross-sectional area of the incoming flow is reduced
by the reverse-flow ceiling layer such that the blowing effect of
the visible, most luminous part of the flame is enhanced. This
might further accelerate flame spread along the floor in the
downstream direction.

Appendix: Test Section Flow Characterization
The ventilating flow in the pool fire and flame spread facil-

ity test section was characterized by hot-film anemometry.
Floor-to-ceiling traverses were carried out at several stream-
wise and spanwise locations in the test section upstream of the
fuel pan. The sensor was mounted on an 80 cm probe and
traversed from top to bottom by an electrical motor drive at
approximately 10-15 cm/min. The hot-film probe was a stand-
ard straight probe (TSI model 1210-10) with a 25 /mi diameter
wire. The anemometer is a TSI model 1053B with a model
1051 monitor and power supply. The upper frequency
response of this system is approximately 10 kHz. Calibration

a)
0.3 CL4 a5 0.6 0.7 0.8 0.9 1.0

b)

c) 0.4 0.5 0.6 0.7 0.8 0.9 1.0
VELOCITY, mis

Fig. Al. Vertical cold-flow velocity profiles in the test section.

of the probe for the flow range of interest was carried out
before and after all runs.

Typical velocity profiles at three locations in the test section
and at three flow rates are given in Fig. Al. Figure Ala shows
the data taken near the test section inlet on the center line.
Velocities varied by 10-15% over the section height at full and
Vi flows and turbulent fluctuations were less than 5%.
However, a significant velocity deficit is evident in the lower
half of the test section at 1A flow and large turbulent fluctua-
tions are indicated. Clearly at the low flow rate, the flow had
not recovered from the 180 deg turn through the sharp right-
angle bends downstream of the blower outlet. Significant tur-
bulence was apparently generated in the section at the blower
outlet expansion and in the sharp turns, particularly at the low
flow rate.

Further downstream on the center line (Fig. Alb), the veloc-
ity profiles were more uniform along the vertical axis and tur-
bulence levels were lower. This location is two-thirds of the
distance from test section inlet to fuel pan and it is reasonable
to expect that the velocity profiles were further improved at
the fuel pan. Thus, the incident velocities at the fuel pan are
fairly represented by an average velocity at the centerline.

Variation of the velocity profiles in the spanwise direction
may be deduced from Fig. Ale, which shows the vertical pro-
files at Jt = 0.81 m (same as in Fig. Alb) and z = 0.38 m
(z/W- 0.25). The velocity profiles and turbulence levels at full
and Vi flow were essentially the same as on the centerline. At
1A flow, the mean velocity profile was nearly the same as at the
test section centerline; however, the turbulence levels were
higher. These data thus show that mean velocities and tur-
bulence levels were relatively uniform over the entire cross sec-
tion. The exception was at 1A flow, where the turbulence levels
increased significantly near the sidewalls. The nominal cross-
flow velocities tabulated for reference purposes in Table 1
were determined from the measured mean velocity profiles
just upstream of the fuel pan on the test section centerline
(i.e., Fig. Alb).
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