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SUMMARY
In the spring of 1984, a Boeing 737 experienced an engine failure during the takeoff roll,
resulting in a high speed engine part puncturing the integral fuel tank between the engine
and fuselage. Fuel pouring from the puncture ignited immediately. The takeoff was aborted, and eventually all passengers escaped with minor injuries. However, the fire ultimately destroyed the aircraft. There was no disagreement about the origin of the fire; but,
there was controversy about whether or not the aircraft would have been destroyed had
the aircraft been brought to a stop immediately upon abort. As it was, the aircraft taxied
off the runway to a narrow taxiway before stopping. This action delayed and complicated
the tactics required of the fire brigades responding to the fire.
The analysis in this paper contrasts the degree of major aircraft structural damage that
occurred in the actual fire to structural damage that would have been sustained if standard fire brigade firefighting tactics for aircraft fires had been possible. Results indicate
that if the aircraft had been brought to an immediate stop, the aircraft could have been
returned to service for less than 25% the cost spent to replace it.

majority of legal effort concentrated on the
parameters of engine failure. However, a collateral approach was taken by one defendant, contending that fire damage could have been substantially reduced had the aircraft been brought

INTRODUCTION
This paper reviews procedures used to present
one side of a contest between parties of a litigation resulting from a fire occurring on a commercial Boeing 737 aircraft during take-off. Fire initiation resulted fi-om disintegration of the port side
engine during full take-off thi-ust. A projectile of
the disintegrating engine penetrated the bottom
wing panel and integral fuel tank in-board of the
engine mount, producing a substantial flow of
atomized jet fuel that immediately ignited. The
fire subsequently destroyed the aircraft.

to

an

immediate stop.

SYNOPSIS

OF

ACCIDENT

Because of client wishes, we will not identify the
parties to this accident. In fact, since the event
occurred over half a decade ago, some of the parties no longer exist as the same entity. It is sufficient for this analysis to know that the accident
occurred at Calgary International Airport, in
early spring, and that the aircraft involved was a
Boeing 737-200, configured for commuter service.
The flight number was 501, which will be used to
designate the aircraft in this paper.

All parties agree that the engine disintegration
was the precipitant cause of the fire, and the
*
Tlzis paper was originally prepared for the SFPE Erzgirieeritig
Seminar presented at the National Fire Protection Association 199U
Fall Meeting in Miami, FL on 11.15 November 199U.
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1 is a plan view of the Calgary International Airport, showing the relative position of
the aircraft before, during, and after the aborted
take-off attempt of Flight 501. According to the
Aviation Safety Board’s Reportl, the fire was coincident to an explosive report heard and felt by
passengers, crew, and on-ground observers. The
pilot immediately aborted take-off, thinking the
aircraft response resulted from a tire blow-out.
Passengers and cabin crew knew immediately of
the fire, and flight attendants attempted (unsuccessfully) to alert the flight crew of the fire. The
pilot continued to taxi Flight 501 for 89 seconds
post-abort before he stopped on a taxiway to initiate passenger evacuation. Prior to this time, the
pilot was told of the fire by purser, flight attendants, the tower, and by activation of the engine
fire warning light.

Figure

time log resulting from fire departtapes, various official reports, the cockpit
voice recorder, and the tower tapes. These
sources have been exhaustively cross-referenced
so that the events are closely time correlated.
The time log consists of four columns, listing the
chronological sequence, the recorded time, the
elapsed time, and the chronological events. At
time sequences 23 and 24, the tower advises
Flight 501 to taxi to Juliet (a taxiway), and the
pilot acknowledges that he will do so. This
action places the aircraft on the taxiway, which
is not as wide as the wing span of the 737, thus
preventing the fire crew’s free access to the aircraft perimeter. Had Flight 501 stopped immediately after the abort on Runway 34, which is
about three times wider than a 737 wing span,
the fire crews would have had unimpeded
access to the entire aircraft. Other advantages
of stopping on Runway 34 as soon after abort as
possible are faster and safer evacuation of passengers and crew, simultaneous and coordinated

Table 1 is

a

ment

Figure

1.

Airport Diagram - Calgary International Airport

damage to aircraft components would
be limited to surface materials.
exposure

FUEL SOURCE ANALYSIS
Penetration of the wing tank occurred at a location 7 inches inboard of the engine pylon and 5
inches aft of the front edge of the wing skin
plank. The area of penetration was approximately 0.015 ft2 (0.0014 m2). The long penetration orientation was generally in line with wing trailing
edge. Fuel load for this flight was 5500 lbs (2495
kg) of jet fuel in each wing tank, for a total of
11,000 lbs (4989 kg); no fuel was contained in the
center tank. Using wing dihedral and fuel depth,
as defined by dipstick measurements inboard
and outboard of the penetration, we calculate

fire

department attack, and (according to our
analysis) control and extinguishment of the fire
before irreversible damage is sustained by
major aircraft structure.
Thus, this analysis will describe interaction
between environmental conditions existing on
the morning of the accident, the fuel release
dynamics, and the resultant fire to show that
standard aircraft firefighting procedures would
have quickly controlled the fire, and that fire
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that the depth of fuel initially over the hole is
10.7 inches (27.2 cm). The initial fuel flow rate
was calculated to be 3.7 ft3/min (0.105 m3/min),
assuming a discharge coefficient equal to 0.61.
If

Flight

501 had

stopped as soon as practicable
Runway 34, ignited fuel would have formed a
pool fire that would have spread to a radius limited by the burning rate of jet fuel. Calculation of
the balance between the fuel supply rate and the
fuel regression rate of 0.2 in/min (0.51 cm/min)
(average value from several sources) predicts a
maximum fuel pool radius of 8.5 ft (2.6 m). Table

on

2 summarizes these calculations.

POOL FIRE PLUME
In

quiescent conditions, the fire plume over a pool
of burning jet fuel is quite symmetrical and relatively predictable. Fire plume heights for fully
turbulent pool fires scale to somewhat less than
twice the diameter of the pool. Thus, for pools
with diameters less than 17 feet (5.2 m), the
extent of the perceptible incandescent combustion

gases in the

is about 26 to 34 feet. Fire
plumes under horizontal surfaces will &dquo;splash,&dquo;
such that plume dimensions are conserved. For
example, if the plume impinges symmetrically
under a horizontal surface, the extent of flame
splash scales to the amount of vertical fire plume
that is interrupted. Thus, in quiescent wind conditions, the spill fire that occurred under the left
wing after Flight 501 stopped would produce a
fire splash with a radius of approximately 10 feet
(3.1 m)2 from the center of the fuel spill. (This
does not take into account the area restriction
caused by vertical extension of the No. 1 engine
pylon and fuselage, which could reduce the area
of fire splash.) This direct fire exposure would be
most intense under wing surfaces, fiberglass fuselage fairings, and fuselage skin surfaces adjacent
to the leading and trailing edge of wing and fuselage junction. Simple calculations using the heat
capacity of 5500 lbs (2594 kg) of fuel and the maximum heat flux from large hydrocarbon fuel fires
(8.7 Btu/ft2 sec; 100 kW/m2)3~~e predict jet fuel
temperature rise in the wing tanks to be about
14°F (8°C) per minute. Therefore, the fuel and its
container (wing surfaces and spars) would require
more than 10 minutes to reach 212°F (100°C). For
most of this time, standard fuel tank vents will
prevent pressurization of fuel tanks and pressuredominated fuel flow from the penetration. Figure
2 shows three views of the 737-200 and predicted
extent of the pool fire and its plume in quiescent
wind conditions.

plume

Wind Effect

on

Fire Plume

Figures 3 and 4 illustrate the gusty nature of
the wind on the smoke plume soon after the aircraft stopped on the Juliet taxiway. Since all
already evacuated the aircraft,
these photographs were taken between 4-5 minpassengers had

(From Table 1, passenger evacuation starts at 115 seconds after
abort initiation, and time estimate to complete
evacuation is 2-3 minutes.)
utes from abort initiation.

the weather conditions at the time of the fire were: ambient temperature of 34°F (1.1°C), winds out of
the north from 300 to 320 degrees at 0-14 knots,
with intermittent light showers. Runway 34
indicates a northerly heading of 340 degrees, so
that the wind vector to the front of the aircraft,

According to official weather records,

Figure

2.

Principal Dimensions of 737 Aircraft and Ideal

Fire Plume.
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disturbing influence will reduce the accuracy of
this scaling method, but the trend of wind influence will be similar. Photographs of the fire and
smoke plume taken by an evacuating passenger
give an indirect measurement of plume angle
from which local wind speed can be estimated
using Froud modeling. These measurements
indicated variable wind speed changing from 1.5

stopped on the runway, was from 20 to 40
degrees off the port side. Because fires consist of
hot, low density combustion gases, they are
strongly influenced by wind. Open fires of any
if

dimension will bend in the direction of the wind
to angles dictated by wind speed, fire source
diameter, air viscosity, and relative densities of
combustion gases and air3. Any obstruction or
97

Figure
Figure

3. Wind Ctfect

on

Plume.

to 6.5 knots. Local wind

speed under the wing
and around the fuselage would likely be higher,
because of shape factors and wind shear created
by fire and wind interaction. Post-fire photographs (Figure 5) show the influence of the
wind in protecting forward port fuselage regions
from substantial thermal damage. Similarly, the
undamaged port nose cowl shows the effect of
wind in preventing fire exposure to that compoFlight 501 stopped on the runway
instead of Taxiway C-4, the difference between
the wind and fire interaction is that fire plume
bending would be more parallel to the fuselage
of the aircraft so that substantially less of the
fire plume would impinge on fuselage surfaces.
Accordingly, during the initial minutes of the
fire, flame exposure would have occurred on the
portside fuselage and underwing surfaces.
nent. Had

HEAT TRANSFER ANALYSIS
The purpose of the heat transfer analysis was to
formulate a realistic mathematical model, simulating the temporal variation of temperature of
the fuselage and reinforcing members under the
prevailing environmental conditions. The effect
of JP-4 fuel pool fire on the integrity of the aircraft fuselage has been studied in the past, both
experimentally and analytically. The main
objective of those studies was the determination
of the temperature of aluminum panels on the
fuselage as a function of time. The time from
fire exposure initiation to melting, around

4. Wind Effect

on

Plume.

1000°F (538°C), is, in effect, the time available
for evacuation of the passengers and the crew.
The most notable of these studies6 relies on
both testing and analysis. The tests were conducted with aluminum and stainless steel
panels of various thicknesses, affixed at several
locations on the fuselage. The temperatures and
heat fluxes were monitored by thermocouples
and radiometers strategically placed around the
fuselage. It was concluded by both the analyses
and tests that the minimum time required for
skin damage to occur to the largest commercial
aircraft is less than 40 seconds.

Two important elements were missing in this
study. The study considered bare panels without
the reinforcing transverse beams (frames), longitudinal beams (stringers), and doubler plates
between the skin and beams. In addition, all the
parameters dependent on flame properties were
kept constant. Periodic fluctuations, due to the
turbulence and the gross movement of the flame
precipitated by winds, were neglected in the
analytical model. Consequently, there was a
need to create a mathematical model which
includes both effects.

Heat transfer from fires to materials bathed in
a fire plume depends on many complex factors.
A theoretical model, simulating heat transfer in

airplane fuselage subject to a large pool fire,
utilize results of large-scale tests for the
input of the heat transfer parameters4,5.
Realistic input has to be combined with proper
modeling of the heat transfer modes. All three
modes of heat transfer are present during the
an

can
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Figure

5. Post Fire Aircraft

Damage.
w

exposure of the

fuselage to a pool fire. Figure 6
depicts graphically the heat transfer modes on
an element of the aircraft skin. Clearly, heat
gain takes place due to radiation and convection
from the fire, whereas heat loss is due to radia-

the inside surfaces.
Thermal radiation from the flames constitutes
approximately 80% of heat transfer potential.
Flames must be optically thick (at least 1 m) to

tion and conduction. The difference between
heat input and output represents the heat accumulation, resulting in a continuous rise of the
temperature of the skin, until a steady state is
reached. This energy balance relationship can
be expressed as:
Heat Accumulated
Heat Input - Heat Output
=

(1)

Typically, glass wool insulation batts, contained
in vapor-resistant envelopes, are attached to the
ribs in order to provide thermal insulation and
sound-deadening for the cabin. Elements of the
aircraft skin on the inside surface are thus surfaces of zero heat flux. The effect of the insulation is to prevent any heat transfer in or out of

Figure
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6. Heat Transfer Modes in Fire

Exposure.

provide effective radiative heat transfer. The
radiant output of the fire was assumed to be
equal to 8.7 Btu/ft2 sec (100 kW/m2), a value
based on JP-4 fuel fires7. The convective heat
transfer coefficient was estimated equal to
0.0014 Btu/ft2 sec°F (0.028 kW/m2°K ), for
forced convection due to gas velocities of about
20 ft/s (6 m/s)5. The average flame temperature
was taken to be about 1800°F ( 1000°C), a value
typical for natural fires.

r.

The efficiency of radiant heat transfer is governed by the absorbence of the skin. Initially,
the absorbence was considered to be equal to
0.2, a value typical for clean aluminum. During
exposure, soot deposits darken the skin and the
absorbence rises. The model simulated this rise
by considering a linear rise from 0.2 to 0.8
within 60 seconds. The latter value was kept
constant for subsequent time.

Fluctuations due to turbulence and flame movewere modeled in two ways. The radiant
heat input was assumed to vary harmonically
with a period of 1 second9. The variation of the

ment

radiant heat

input
following equation:

rate q

was

modeled

by

the

where qrnax is the maximum radiant heat input
rate (Btu/ft2 sec ), T is the period and t is the
time.
In addition, early witness photographs (Figures 3
and 4) indicate that exposure to the fire was periodic due to variable wind. The wind variation
appears to have a period of about 20 seconds.
Based on evidence provided by the photographs,
the fuselage was exposed to the heat input with a
period of 20 seconds in an ON-OFF fashion. This
estimate is based on plume angle (i.e., the angle
of tilt of the flame from the vertical) variation.

The complexity of the problem lends itself to
numerical techniques for solution. The finite
element method is an especially powerful and
accurate technique, which can be utilized to
model complex geometries and/or nonlinear partial differential equations. The domain of interest is discretized into notes and elements. The

governing unsteady heat balance equation
expressed by Equation 1 can then be cast in the

following matrix

form:

where IT) is the nodal temperature vector, {C} is
the capacitance matrix dependent on the heat
capacity and density of the material, (KI is the
thermal stiffness matrix dependent on the conductivity of the material and convection heat
transfer coefficient, and (P) is the time dependent thermal load vector. A dot indicates differentiation with respect to time. Derivation of
these matrices is straightforward and can be
found in any standard finite element textbook
(for example, Reference 10).
Solution of Equation 3 involves differentiation
in time. Consequently, a recursive relationship
is needed in order to march in time. The scheme
provides a relationship between the time
derivative of the temperature and the temperature at the current and previous time step. This
numerical method was chosen due to its accuracy and stability characteristics. Subsequently,
as presented in Reference 10, a matrix equation
was obtained, with the current nodal temperature vector as the only unknown quantity.

Analysis of the

transient temperature rise of the

aircraft structure also requires accurate modeling of the structural characteristics of the airframe. A typical section of the fuselage is shown
in Figure 7. The skin is attached to longitudinal

stringers and frames using a variety of attachments and shear strips. Skin thickness is doubled at the attachment surfaces of the stringers
and ribs. Doubling is also used to provide shear
resistance for fuselage skin and greater
strength for access ports and components
attached to or through the skin. In most of the
fuselage, the frames are attached directly to
fuselage skin through shear ties, whereas in the
window areas, frame attachment is generally
through the stringers.

The dimensions and longitudinal cross-section
for the aircraft are shown in Figure 8. This twodimensional geometry was chosen to represent
a typical element of a 737 fuselage. We assumed
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that the cross-section extends to infinity in both
directions in line with a plain strain problem in
structural mechanics. This assumption is equivalent to assuming uniform (no across heat flux)
temperatures across the aircraft. In reality, the
presence of the longitudinal stringers and doublers invalidates this assumption, especially in
the vicinity of a junction. A three-dimensional
model is needed in order to model the exact
geometry; however, the computational time and
cost increases substantially. Nevertheless, omission of the longitudinal stringers and doublers
will result in an over-estimation of the temporal
temperature gradients, i.e., an under-estimate
of the time to reach a certain temperature level.

Preservation of the area accounts for equivalence in heat capacity, whereas preservation of
the perimeter maintains the heat input efficiency. This simplification of the structure will not
yield significant errors due to the low thickness
of the skin and frame.
structure needs to be modeled due to symmetry. This is accomplished by
specifying zero heat fluxes on the axis of symmetry and the edge of the plate. Specification of
zero heat fluxes at the boundaries of the structure is equivalent with &dquo;insulating&dquo; all the
nodes along the axis of symmetry of the modeled structure (i.e., for a length equal to 6.025&dquo; +
0.044&dquo; 6.069&dquo;, as in Figure 8), and at the edge
of the structure. The structure was discretized
in isosceles orthogonal triangular elements, as
shown in Figure 9. The simplicity of the structure allowed a relatively easy preprocessing, as
well as the generation of our own computer program to implement the Finite Element Solution
of Equation 3. The generated FORTRAN code
was verified by performing a transient analysis
of heat conduction in a semi-infinite plate. The
time step At was chosen equal to 0.125 second in
order to grasp the periodic variations of the
thermal load. Results not shown here, with a
lower time step, provided confidence on the convergence of the time marching algorithm.

Thus, only half the

=

The geometry was further simplified in order to
exploit the symmetry of the structure. The reinforcing angle on the frame was removed, and
the system was replaced by a plate with a perpendicular fin attached, as shown in Figure 8.
The dimensions of the plate and fin were adjusted in order to preserve the area and perimeter
of the skin and frame/angle, respectively.

Fgure

7.

Typical Fuselage Geometry.

Figure 8. Geometry of Modeled Structure.
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The major structural material in large aircraft
is alloyed aluminum. Heat affects the temper of
the two major aluminum alloys (2024 and 7075)
used in aircraft. For example, if either alloy is
held at 500°F (260°C) for over 30 seconds, the
temper is lost and the material must be
replaced. At higher temperatures, the time to
cause temper loss is reducedll.

Thus,

Figure 9. Finite Element Model of the Structure.

Figure 10. Temperature
Exposure.

Profile

Varying Flame Continu-

ous

Figure

11.

Temperature

Rise

two

bounding computations

were

per-

formed. In the first computation, the structure
was continuously exposed to the most severe
rate of 8.7 Btu/ft2 sec (100 kW/m2). This condition represents a lower bound on time for the
temperature rise. Results of this bounding analysis, shown in Figure 9, indicate that skin temperature at region A reaches 500°F (260°C) in
41 seconds, the shear tie attachment (Point B)
would not exceed 500°F (260°C) in 74 seconds,
and the rib temperature (Point C) would not
attain 500°F (260°C) until substantially longer
times. Points B and C were the focus of the
thermal analysis, since they provide a measure
of the fuselage damage. Point A is the highest
temperature point. The results of the more
accurate exposure scenario, which accounts for
variable wind, are shown in Figure 10. The skin
temperatures at Points A and B attain 500°F
(260°C) in 85 seconds and 175 seconds, respectively, and the rib temperature is less than
300°F (150°C) in 350 seconds. In both cases,
variation of the temperature with thickness was
negligible, and radiant cooling was neglected to
avoid reformulation of the thermal stiffness
matrix at each time step. This simplification
results in additional over-estimate of the temporal temperature gradients, especially at high
temperatures. The conservative features in the
analysis are offset by the variable exposure scenario. Nevertheless, it is obvious that more than
5 minutes can elapse before irreparable rib and
stringer damage is sustained by the fuselage.
This conclusion is in disagreement with the
results in Reference 6. The contrast in the
results stems from the inclusion in the current
model of heat input fluctuations and the reinforcing structural components. The temperature
rise for single layer skin areas (Point A in our
analyses) compare to the results from Reference
6, because of similar exposed element geometry.

Assuming Variable Flame

Exposure
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FIRE DAMAGE LIMIT ASSUMING
EFFECTIVE FIRE EXTINGUISHMENT
Fire exposure to Flight 501 would have occurred
on the portside fuselage and underwing surfaces, if the aircraft stopped on Runway 34. The
degree of thermal damage to the aircraft is
directly proportional to the exposure time.
Exposure time would be limited, given adequate
access to the fire for the foam bosses (foam-dispensing crash trucks). Typical times for liquid
fuel spill fire control by aqueous film forming
foam (AFFF), for fire sizes similar to this case,
are of the order of 20 seconds 12. If, in this event,
we allow 2.5 minutes for the Fire Department
equipment from both north and south fire halls
to arrive at the aircraft on the runway, and 1
minute to reconnoiter the situation before application of extinguishant, the time to fire control
and cessation of thermal damage should be 4
minutes from initiation of the abort sequence.
The extent of thermal damage using estimates
based on variable thermal flux from the exposure fire for a period of 4 minutes (2.5 minutes
for Fire Department run time plus 1.5 minutes
to fire control) is limited to:
.

.

.

.

.

wing flaps and landing edge
flaps, including ground spoiler
Engine No. 1 cowling
Inboard port

fuselage skin (and possibly some
stringers) aft of fuselage Station 727 and
forward of fuselage Station 927
Most of port side wing and fuselage fairings
Control portions of starboard side fuselage
fairing
Port side

.

Port side windows from Station 540 aft

.

Port side tires

.

Possibly heat and smoke damage
furnishing.

difficulty and cost of aircraft repair.

SUMMARY
The extensive damage to Flight 501 resulted
from excessive and avoidable fire exposure time.
The results of this analysis show that had
Flight 501 been stopped immediately on
Runway 34, the passengers and crew would
have evacuated and been clear of the aircraft by
the time fire equipment arrived on the scene.
Ample maneuvering room would have allowed
rapid fire control by coordinated use of foam
boss crash trucks from both fire halls.
Extinguishment application would cool surfaces
and terminate effects of fire exposure to aircraft
surfaces and isolate the fuel source location.
Once this condition was established, either firefighters or maintenance personnel would have
been able to terminate the fuel leaking from the
single, relatively small orifice in the fuel tank.
Fire control should be in effect within 60 seconds from the time of Fire Department arrival.
During the total 4 minutes of fire exposure,
destructive fire damage to aircraft components
would be limited essentially to port side skin
surfaces on flame-exposed fuselage and control
surfaces on the port wing.
’)
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