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NATIONAL ADVISORY COMMITTEE FOR AERONAUTICS

RESEARCH MEMORANDUM

MECHANISM OF START AND DEVELOPMENT OF AIRCRAFT CRASH FIRES

By I. Irving Pinkel, G. Merritt Preston, and
Gerard J. Pesman

SUMMARY

Full-scale aircraft crashes, devised to give surge fuel spillage and
a high incidence of fire, were made to investigate the mechanism of the
start and development of aircraft crash fires. The results are discussed
herein. This investigation revealed the characteristics of the ignition
sources, the manner in which the combustibles spread, the mechanism of
the union of the combustibles and ignition sources, and the pertinent
factors governing the development of a crash fire as observed in this
program.

INTRODUCTION

Recent aeromedical research has shown that the magnitude of deceler-
ation human beings can withstand without serious injuries varies inversely
with the time for which the deceleration is applied. In many airplane
crashes, high decelerations often exist for only extremely short periods
of time, indicating that worthwhile gains in crash survival might be
realized if the fire that often accompanies crash were avoided. Acting
on the recommendation of the NACA Committee on Operating Problems and the
Subcommittee on Aircraft Fire Prevention, the NACA Lewis laboratory has
engaged in a study of the airplane crash-fire problem. This study on the
manner in which the crash fire starts and develops is intended to serve
as factual background on which features of airplane design can be based
which may reduce the likelihood of fire following crash and improve the
chances for escape or rescue should the fire occur. Although this study
is ultimately to include aircraft powered with the various types of tur-
bine engines as well as reciprocating engines, this report considers only
the work completed on aircraft with reciprocating engines. While the
initiation of crash fires and the subsequent development of these fires
are related events, the factors of interest in each of these events are
quite different and they are therefore treated separately in this report.

The current crash-fire research program is one of several studies
made in the last 30 years. In general, the results of earlier work have
been verified in this more comprehensive investigation. Of particular
interest is the full-scale crash-fire study made in 1924-28 by the U. S.
Army Air Corp in which single-engine fighter aircraft powered by Hispano
Swiza engines were employed. Notable contributions to the field of air-
craft fires have been made by Dr. Glendinning and his associates in England.

The program on crash fire considered herein was conducted with modern
aircraft and instrumentation on a scale sufficient to permit an apprecia-
tion of important factors not possible heretofore. :

RESSRFCERD



2 RESTRICTED NACA RM ESZF06

The current crash-fire study began in 1949 with a review of past
crash accidents, civil and military. The investigation of crash-fire
accident records (reference 1), however, failed to reveal well-defined
mechanisms for crash fire, primarily because the pertinent physical fac-
tors acting to initiate the fire are often obscured from view or too
short-lived to be reported accurately by eyewitnesses. Fire damage, like-
wise, obscured the true nature of the disruption suffered by the airplane
that relates to the fuel spillage and generation of ignition sources. The
need for conducting full-scale crashes under conditions which permit care-
ful observation of the successive events in the crash was apparent from
this accident study. Acquisition of service-weary twin-engine cargo air-
craft from the U. S. Air Force for full-scale crash research made possible
the analysis of the mechanism of the crash fire discussed in this report.
Photographs of the low-wing C-46 airplane and the high-wing C-82 airplane
used in this study are shown in figures 1 and 2, respectively. A few of
the features of each airplane, to which later reference will be made, are
indicated in the figures. Of the 17 full-scale crashes conducted in this -
program so far, four were C-46 airplanes and 13 were C-82 airplanes.

Because it was desired to study the mechanism of crash fires under
crash circumstances which approximate real conditions, a crash barrier
was designed to impose the gross damage to the airplane similar to that
which may occur in unsuccessful take-offs and landings in which severe
engine damage and major fuel spillage occurs. Airplane crashes at flight
speed into obstructions such as buildings and mountain sides usually
involve a degree of airplane disintegration so severe that design measures
or equipment arranged to reduce the likelihood of fire are rendered impo-
tent. For this reason, attention in this study is focused on crashes
which occur at take-off and landing speeds where the likelihood of per-
sonnel surviving the impact is high and design safety features and crash-
fire protection equipment that may be employed have a resonable chance to
serve their function.

The results of the current work are limited to those features of air-
plane crash fires that have been investigated in this program. While an
attempt has been made to include in this study as many factors involved
in crash fires that past experience and current results have revealed,
undoubtedy there remain areas that have not been covered in this work.

A synopsis of this report, beginning on page 44, is included for
those who are not 1nterested in a detailed dlscu351on of the subject
material. '

METHOD OF CONDUCTING STUDY

A complete discussion of the crash technique employed in these
studies is given in reference 2. It is useful, however, to repeat some
of the salient features of this technique. A crash site, shawn sche-
matically in figure 3, was arranged to permit the crash airplane to
accelerate from rest under its own power and, constrained by a single
guide rail, to arrive at a crash barrier at approximately take-off speed
(80 to 105 mph) The crash barrier is shown in figure 4(a). Schematic
views of the airplane as it passes through the barrier are shown in
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figures 4(b) to 4(d). (The height of the abutment was adjusted to per-
mit approximately 18 inches of the propeller tip to hit the barrier
(fig. 4(b)). The disrupted engine and nacelle installation resulting
from the propeller impact with the barrier generate a variety of igni-
tion sources and fuel spillages, characteristic of this type of airplane
accident. Because the chances of obtaining a fire are higher when the
damaged engine and its associated ignition source stay with the airplane
carrying the fuel than when the engine is dropped at the crash barrier,
an attempt was made to restrict the barrier height to provide extensive
engine damage. short of engine breakout. The abutments in the path of
the two main landing wheels rip out the landing gear (fig. 4(c)). As
the airplane moves through the barrier, the leading edges of the wings
are cut by inclined poles (fig. 4(d)) fitted with steel pins installed
in comb-teeth fashion which slice open the wing fuel tanks on both sides
of the airplane. The airplane then slides to rest on the ground beyond
the barrier. By these crash-barrier arrangements, it was hoped to
impose damage sufficiently diverse so that a large percentage of actual
crashes could be considered to be made up of all or several of these
damaged components variously combined. By careful instrumentation of
the crash airplane and camera coverage of the crash site with standard
and greater-than-normal speed cameras, an appreciation for the way a
variety of factors act to initiate a fire was obtained.

Instrumentation and data-recording equipment were carried on the
airplane to obtain the following information at appropriate times during
the crash and ensuing fire:

(1) Fire location throughout the nacelles, wings, and fuselage

(2) Personnel compartment temperatures, ambient and radiant

(3) Distribution of combustible mixtures in the wings and nacelles

(4) Timing and location of electrical short circuits

(5) Timing of fuel line ruptures

(6) Acceleration of the separate components of the airplane in the
crash

These data were converted to electric signals which could be read on
panel-located meters and indicating lights which were photographed
10 times per second through the crash impact and ensuing fire.

A1l airplanes carried a total of approximately 1050 gallons of fuel
-in the outboard wing tanks equally distributed between the wings. In
almost every crash, the fuel temperature was between 70° and 80° F. Fuel
preheating was employed when required by the weather. Gasoline and
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low-volatility fuel (8 mm Hg Reid vapor pressure) were employed. Unless
otherwise stated, the fuel employed in a given instance was aviation
grade gasoline. Inspection data of the two fuels are shown in table I.
In some cases the fuel was dyed red for photographic purposes. In these
cases a notation has been made on the figure.

In order to fully appreciate the significance of some of the factors
in the mechanism of crash fires observed in the full-scale crash studies,
a parallel set of ground studies were conducted. These ground studies
helped to define the circumstances under which a particular factor or
combination of factors could initiate a fire and indicated how these
factors were influenced by variables such as wind, fuel volatility,
state of motion of the airplane, and arrangement of the airplane com-
ponents in their normal and crash configuration.

MECHANISM OF CRASH FIRE

A consideration of the results obtained in the first few airplane
crashes conducted in this program showed that a detailed approach to the
problem is required if erroneous and contradictory impressions are to be
avoided. TFactors believed to have second-order importance, or ignored
entirely in a superficial approach, were revealed by this study to con-
trol the methods by which fire occurs.

Inquiry into the mechanism in which the crash fire occurs centers
on the answers to two principal questions: How and when do ignition
sources appear in the airplane crash, and how does the fuel come into
contact with the ignition sources? A proper consideration of the
mechanism of crash fire thus requires that the subjects of ignition
sources and fuel spillage be treated concurrently. In the organization
of this discussion, however, it is useful first to consider briefly the
factors controlling fuel ignition and the origin of ignition sources and
then to consider them again concurrently with a discussion of the fuel
spillage. A series of crash experiments with aircraft modified to reveal
effects not readily apparent - with the aircraft in their normal configura-
tion is discussed separately for purposes of clarity.

FUEL IGNITION

In general, the range of the variables influencing fuel ignition in
an airplane crash are within the range of existing combustion experience
and this information is of significance in crash fires. The scientific
literature contains several summaries of the factors controlling hydro-
carbon fuel ignition. Reference 3 is an example of a recent report on
the subject. Unfortunately, the space in which combustible mixtures are
formed and ignition sources appear in a crash is too large for a measure-
ment of the factors influencing fuel ignition to be taken during the
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crash tests. The range of values of many of these factors are fixed,
however, by the fact that the crash fire occurs at ground level, usually
below 10,000 feet. This fact defines the range of air pressure, tem-
perature, and velocity of the ignition circumstances. In view of these
limitations, the principal function a background in fuel ignition can
serve here is to help to define the circumstances, sometimes quantita-
tively and often qualitatively, that must have existed in a crash to
give the results observed.

While much concerning fuel ignition is well known and need not be
repeated herein, the subject of the spontaneous ignition temperature of
hydrocarbons presents certain subtleties which have been the source of
much confusion and merit consideration. Chief among these subtleties is
the fact that there is no single assignable ignition temperature for
hydrocarbon fuels. Experiments on the so-called spontaneous ignition
temperature conducted in apparatus in which combustible concentrations
of hydrocarbons are contained in a uniformly heated cavity of known tem-
perature provide an ignition-temperature - time curve, such as that
shown in figure 5(a), taken from reference 4 and from unpublished data
of the NACA., On this figure appears a curve for 100/130 grade aviation
fuel. These data were obtained in a standard A.S.T.M. spontaneous-
ignition-temperature apparatus. The other curve on this figure is for
aviation gasoline in use at the time of the experiments (1930) which was
probably 80-octane fuel. These data were obtained in an enclosed steel
tube 12 inches in diameter and 12 inches long.

From these data, it may be seen that as the residence time increases
the temperature at which ignition may occur reduces. For a brief resi-
dence time of 2 seconds for 100/130 grade gasoline, the ignition tem-
perature is 1020° F. This ignition temperature reduces to 850° F for a
residence time of 6 seconds. By comparing these data to those of refer-
ence 4, it can be seen that this ignition temperature may go even lower
if the fuel remained in contact with the heated surface for a longer
time; 6 seconds is the longest residence time for which data were avail-
able at this time.. Variations in the chemical composition and fuel-air
ratio will shift the position of this curve on the time-temperature
coordinates without altering the essential fact that the ignition tem-
perature declines with increasing residence time. It is important. to
appreciate that the residence time refers to the time a given fuel mole-
cule spends at the prescribed temperature. Minimum spontaneous ignition
temperatures for lubricating oil and hydraulic fluid were obtained in
references 5 and 6, respectively. A minimum spontaneous ignition tem-
perature for lubricating oil of 770° F was obtained with a residence time
of 6 seconds. The minimum spontaneous-ignition temperature for hydraulic
f£luid was 437° F at a residence time of 140 seconds. When the fuel-air
mixture is not contained in a uniformly heated cavity but contacts a hot
surface maintained at temperatures appreciably above that of the neigh-
borhood, the fuel contact time with the hot surface 1is governed by the

RESTRICTED.
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area of the surface and the magnitude of natural convection currents
associated with the hot surface, or the local forced air circulation
rate produced by wind or airplane motion. Figure 5(b) serves to illus-
trate the marked dependence of the required surface temperature with
surface size and figure 5(c) shows how the air motion adjacent to the
heated surface raises the surface temperature required for ignition. It
is evident from these data that the surface temperature required to
ignite a mixture of fuel and air which is in motion past a hot engine
exhaust system is higher than the surface temperature required when the
exhaust disposal system is at rest in the same atmosphere. Combustible
mixtures resident within stationary engine cylinders where prolonged
residence time is possible would have spontaneous ignition temperatures
which can be as much as 100° F below the surface temperatures required
of the exhaust disposal system for fuel ignition except in a sheltered
zone, according to the data of figure 5(a).

In contrast with the time delay associated with ignition by hot
surfaces, -flames and electric sparks provide almost instantaneous igni-
tion. The energy required in an electric spark to ignite the constituents
of gasoline decreases from 0.9 to 0.1 millijoules as the fuel-air ratio
changes from stoichiometric to 1.8 times stoichiometric (fig. 5(d)).

Because of the interaction of all the variables in establishing an
ignition temperature, a preliminary study was made with an operating
engine to determine the ignition temperature of gasoline and lubricating
0il on the hot exhaust collector ring. The minimum ignition temperature
obtained in these studies was 950° F for aviation gasoline and 760° F
for lubricating oil. Ignition of hydraulic fluid was obtained at 600° F;
however, no attempt was made to obtain a lower ignition temperature.

In the subsequent sections of this report, these data on fuel igni-

tion will be helpful in interrupting some of the observations made in
the crash-fire studies.

IGNITION SOURCES

The ignition sources revealed by the full-scale airplane crash
studies can be classified in the following broad categories:

(1) Hot surfaces

(2) Engine exhaust flames

(3) Engine induction system flames

(4) Elect;ic arcs, and elecﬁrically heated wiring and lamp filaments
(5) Flames from chemical agents

(6) Electrostatic sparks "
RESTRICTED
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Friction sparks have also been reported to be a common source of ignition
in airplane crashes and can be considered as -one type of hot-surface
ignition source. Because the ground over which the airplanes employed
in this study slid to rest after impact at the barrier was basically

clay studded with small stones, friction sparks were never observed.
Current laboratory scale studies are aimed at defining the conditions
under which ignition of airplane combustibles by friction sparks gen-~
erated by aircraft metals in a crash is likely.

Hot Surfaces

Almost all hot metal surfaces present in a crash previous to the
start of fire are carried by the airplane before crash impact. These
surfaces include the exhaust disposal system, exhaust gas heat exchangers
or combustion heaters, and the high-temperature spots of the engine
cylinder interior. 1In a crash at take-off, the highest temperatures at
local areas of exhaust disposal system exceed 1200° F because of the
higher engine power level employed. The lowest temperature of the
exhaust system at which gasoline ignition was obtained on the external
surfaces was 950° F. In a normal landing, the exhaust disposal system
has temperatures as high as 840° F in local areas. These data were
obtained with a C-82 airplane. While this temperature is too low for
gasoline to ignite readily it is high enough for the ignition of lubri-
cating oil which may, in turn, ignite the fuel. This temperature of
950° F is in keeping with the data shown in figures 5(a) and 5(b) in
view of the large heated surface area presented and the low residence
contact time between fuel and surface permitted by the convective air
movement around the exhaust system components. If high engine power is
employed to correct a faulty landing approach, high exhaust system tem-
peratures characteristic of take-off may occur upon landing as well.
Ignition sources in this category are apt to remain fixed in position
with respect to the rest of the airplane in the take-off and landing
type of crash considered in this study. Loss of an engine from the
nacelle, however, will free some of these hot surfaces to move into
different zones around the airplane.

Probability of ignition on hot surfaces is high because they are
present at the moment of crash and remain at dangerous temperatures for
several minutes thereafter. The temperature history of the exhaust dis-
posal system, for example, taken during crash (fig. 6), following opera-
tion at take-off power, indicates that it takes 30 seconds for the
hottest portions of the exhaust collector ring to cool to 950° F, the
lowest temperature at which gasoline will ignite readily on the external
surfaces of the exhaust system, and 84 seconds to cool to 760° F, the
lowest temperature at which lubricating oil was observed to ignite
readily.

RESTRICTED
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The hot surfaces of the engine cylinder interior also can ignite a
fuel-air charge. Because the situation within the cylinder approximates
the circumstances under which the spontaneous ignition temperature of
gasoline was measured in a cavity bounded by hot walls, the data of
figure 5(a) apply. These data show that the ignition of gasoline is
possible if the effective temperature of a portion of the cylinder con-
tents remains above 850° F for the 8 seconds involved. Such conditions
are probable around the spark plugs in . the cylinder head and the exhaust
valve assembly. Following operation at full engine power, elements of
the exhaust valve port and assembly may be hot enough to ignite the
fuel-air charge almost immediately upon contact. At times, however, the
cylinder charge ingested just as the engine rotation stops ignites after
many seconds residence time in the cylinder. In one of the instances
noted in this study, the resulting flash appeared as a backfire 3.7 sec-
onds after the engine rotation ceased. The appearance of this flame at
the engine inlet is shown in figure 7(a). Another example noted in this
study is shown in figure 7(b). In this case, the engine ignition system
was cut 2 seconds before impact while the engine was developing full
power. At 2.2 seconds after impact, the backfire shown in figure 7(b)
occurred. :

The hot surfaces of friction sparks and the parent metal surface from
which the sparking particles are abraded represent possible ignition
sources which can appear only while the crashed airplane is in motion by
virtue of the mechanism by which friction heat and abrasion are developed.

Wheel brakes heated to temperatures high enough to ignite hydraulic
fluid and possibly gasoline by heavy application of the brakes have been
reported elsewhere and must be included among the hot surface ignition
sources, even though they were not encountered .in these studies. Cir-
cumstances under which the brakes plus the hydraulic fluid might con-
stitute an ignition source were observed in a crash in which the wheel
and strut stripped from the airplane at the crash barrier followed the
airplane in its skid along the ground. The hydraulic fluid, contained
under air pressure in landing-gear strut, issues as a fan-like spray
from a longitudinal crack in the strut. If these circumstances were to
exist in a crash in which heavy braking was employed previous to or
during the crash, experience with ignition of hydraulic fluids would
indicate a high probability of fire, first, of the hydraulic fluid and
then of the gasoline which may flow to the wheel from the crashed air-
plane.

Exhaust Flames
Plumes of exhaust flames appear in the crash when fﬁel from the dis-

rupted engine passes into the exhaust disposal system without completing
its combustion in the normal manner in the cylinder. Such a condition
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may result from failure of a spark plug to ignite the fuel, failure of
the exhaust valve to contain the burning cylinder charge, or excessive
enrichment of a cylinder charge which burns as a torch in the air at the
exhaust pipe exit. If the engine ignition is cut-off when the engine is
drawing fuel a series of flames often appear at the tail pipe (fig. 7(c)).
If the ignition is cut-off just prior to a crash the exhaust flames may
continue to appear following crash impact. Several momentary flashes of
exhaust flames are apt to occur immediately after impact of the engine
propeller blades with the ground. These flashes may continue at irregu-
lar intervals as long as the engine drive shaft is rotating and fuel is
drawn into the engine. Because an airplane crash does not always stop
the engine completely, exhaust flames can appear for several minutes
after crash impact. The appearance of one of the longest exhaust flames
observed in these studies is shown in figure 8. In no case did an
exhaust flame extend 16 inches beyond the exhaust exit and last for more
than 0.2 second in the crashes studied. In the three instances in which
engines were torn free from their mounts in the crash, no exhaust flames
were observed during and after engine separation. Loss of the carburetor
at the beginning of engine separation may be the reason for this effect.

Electric Arcs and Electrically Heated Wiring and Filaments

Disruption of the extensive airplane electrical system in a crash
may provide ignition sources at widely scattered locations. Wires that
are completely severed may provide electric arcs between the high poten-
tial wire terminal and the grounded airplane structure of sufficient
intensity to ignite fuel or other combustibles. Wires may become incan-
descent by short circuits resulting from abrasion of wire insulation or
collapse of the metal housing of a junction box onto the terminal post
located within the box. Incandescent light filaments are normally
present during flight at night. Because of the relatively large diam-
eters of the filaments of the landing light, temperature high enough for
gasoline ignition may exist for at least 0.75 to 1.5 seconds after the
light bulb is smashed and the filament broken (references 7 and 8).
Momentary electric sparks produced by interrupting a current carrying
circuit are more likely to have sufficient energy to ignite fuel if the
circuit contains coils such as the electromagnets employed in relays
and valves.

About 0.15 millijoule is the minimum energy for spark ignition of a
stoichiometric mixture of hydrocarbons and air under approximately
standard conditions of pressure and temperature (reference 9). This-
minimum energy is affected by size, material, and spacing of contacts
and the rate and manner in which the energy is delivered. With an
optimum contact separation of 0.65 inch, the effect of contact size is
negligible. As the. contact spacing is decreased, the minimum energy for
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ignition increases and the effect of contact size increases. With s
needle contact the minimum energy required for ignition is doubled when
the contact spacing is decreased fram 0.65 to 0.2 inch. With a contact
size of 3/16 inch the energy required with a contact spacing of 0.2 inch
is five times that required at 0.65 inch. Greater energies are required
with smaller separations because of the quenching action of the contact
surfaces (reference 10). Reference 11 indicates that when the rate of
delivery of energy is exponential, 90 percent of the energy must be
delivered in less than 50 microseconds to provide sufficient current

for ignition. In crash fires where disruption of low voltage circuits
is the biggest problem, arcing potentials are obtained from inductances
containing considerable resistance which will absorb energy; since the
minimum value given represents the energy delivered to the combustibles,
the total circuit energy will be larger by that amount absorbed by the
resistance. Because storage batteries are part of the airplane low
voltage circuit, electrical ignition sources may persist for several
minutes after crash. Very often, however, electric arcs rapidly burn
away the metal forming the arc electrodes and the arc persists for not

~ more than 0.6 seéond (reference 12). A restrike of the arc is possible

‘as the airplane continues to deform in the crash or if the wind deflects
the airplane structure adjacent to an electrical failure and new elec-
trical contact is made momentarily.

Engine Induction System Flames

Engine induction system flames appeared less frequently than exhaust
flames in the airplane crashes conducted so far. Backfire of an engine
cylinder charge out the inlet port and consequent ignition of the induc-
tion system fuel-air mixture is a principal mode of development of the
induction system flames. Because a cylinder charge may become ignited
several minutes after the engine has stopped rotating, the induction
system flame can appear at any time from the moment of the crash to
several minutes thereafter. If the engine induction system is intact
in the crash the flame appears at the entrance to the engine inlet scoop.
Wherever the engine inlet system is broken the flame appears as well.

Flames from Chemical Agents

Combustible chemical agents commonly carried on the airplane, in
addition to the fuel, include the petroleum-oil-base hydraulic fluid,
lubricating oil, and alcohol for icing protection. During flight, the
ignition of any of these agents can produce disastrous fire even if the
fuel never becomes involved. On the ground, however, a fire is seldom
serious from the standpoint of passenger survival until the fuel is
ignited. For this reason, it is convenient in a discussion of crash
fire, to classify these agents when aflame as ignition sources in the
same sense that plumes of burning fuel issuing from the engine exhaust
are considered ignition sources.
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Because all of these chemical agents will ignite at lower tempera-
tures than gasoline and some may require less energy in the electric
spark for ignition, the presence of these agents improves the likelihood
of flaming materials appearing in a crash. Once ignited, these agents
burn for a long time and extend the time over which ignition of the fuel
may occur. Being .liquid, they can flow by gravity, or be distributed
explosively, as in the case of hydraulic fluid contained at high pres-
sure, or vaporize and move by convection, and form a conducting path for
fire from a fixed ignition source to the fuel.

Electrostatic Sparks

Electrostatic charge can be accumulated on airplane parts torn
from the airplane in the crash as these parts move above ground through
the dust and fuel suspended in the airplane wake. As the torn airplane.
part approaches the ground, an electrical discharge may occur of suffi-
cient intensity to ignite the fuel spread in the airplane wake. Because
the bulk of the airplane structure sliding along the ground usually
makes good electrical contact with the ground, significant differences
from ground potential on this structure are unlikely.

In general, the ignition sources observed in the crashes conducted
so far are those one would expect to apply in airplane crashes on the
basis of past experience with normal aircraft operations and by analogy
with circumstances in other technical fields which are similar to those
obtained in a crash., The full-scale crash studies indicated how the
ignition sources arise, the time in the crash they are likely to appear,
and the circumstances under which they will start a fire.

FUEL SPILLAGE

In a crash, fuel is spilled in liquid form from broken fuel lines
and tanks, as premixed fuel vapor and air from the damaged engine
induction system, and as fuel mist around the airplane when the spillage
appears on the outside of the airplane while it is in motion. In the
latter case, the pressure and viscous forces of the air on the fuel rip
it to mist that moves with the air around the airplane. In the crash
arrangements employed in this study, liquid and mist spillage occurred
in every crash and carburetted fuel spillage from the engine induction
system in only a few cases. These latter instances, however, were
sufficient to reveal how such spillage serves to initiate fire.

RESTRICTED
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Fuel Mist

Because ‘the poles located at the crash barrier ripped. open the fuel
tanks and the adjacent wing 'skin while the airplane was moving at take-
off speed through the crash barrier, the first fuel to appear in view was
in mist form completely suspended in the air. At this time, the fuel
mist (dyed red) has the appearance shown in figures 9(a) and 9(b). At
the existing high relative speed between fuel issuing from the tanks and
the air streaming by, a significant percentage of the fuel droplets have
a sufficiently small size to be suspended in the air for many seconds.
These small fuel droplets can be observed making up the less dense cloud
rising above the wing in the airplane wake (figs. 9(c) and 9(d)). The
large fuel droplets in the dense cloud remained suspended in the highly
turbulent air adjacent to a jet of fuel issuing from the wing tank rup-
ture. As they moved to the rear, some of these large droplets were
intercepted by the fuselage and tail assembly surfaces and the remainder
rained to the ground (figs. 9(e) and 9(f)). As the airplane slowed, the
average droplet size of the fuel particles increased until the fuel
appeared to pour in a solid stream from the wing tank rupture when the
airplane came to rest (figs. 9(g) and 9(h)).

A characteristic ground wetting pattern provided by the fuel
deposited in the wake of the airplane is shown in figure 10. The fuel
trail deposited at the barrier is composed of two separate bands, one
for each wing, which tend to broaden, and finally coalesce in the neigh-
borhood of the airplane rest point. When a tail wind blows, the ground
wetting pattern extends forward of the wing leading edge. In general
the inertia of the fuel carries it forward of the airplane rest point.

Time duration of mist ignition hazard. - Fuel mists in ignitible
concentrations seldom persist around the airplane for more than 17 sec-
onds after the airplane comes to rest. The larger mist droplets rain
to the ground and the airborne fuel droplets are swept from the area by
the wind. In passing from the area of the crash, the fuel mist may be
blown over the engine nacelles and, during the first few seconds of this
period, the probability of mist ignition is significant. The hazardous
period is shortened because the last portion of the fuel mist to pass
over the airplane is diluted below the ignitible limit. Even on calm
days, the air dragged by the crashed airplane in its slide along the
ground sweeps over the airplane when it comes to rest, bringing with it
some of the fuel mist suspended in the airplane wake. Fuel mist dis-
persal times taken from motion pictures of the crash are plotted in
figure 11 as a function of the wind speed. The dispersal time decreases
inversely as the wind speed in the expected manner. Because of the large
error inherent in making a visual estimate of the persistence time of the
fuel mist in the neighborhood of the airplane indicated by the scatter of
the data of figure 11, it was not possible to evaluate the effect of fuel
volatility on this persistence time. Fuel vapors associated with the
mist will move with the wind approximately as the smaller mist droplets
and may have a persistence time a few seconds greater than the bulk mist.
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Dispersion and ignition of fuel mists. - A first clue to the impor-
tance of the dynamics of the dispersion of the fuel mist in the ignition
of the fuel was obtained early in the full-scale crash-fire studies when
it was observed that this mist can propagate in a spanwise direction from
the point of spillage on the wing and reach ignition sources located in
and around the nacelle. This spanwise fuel propagation represents a
displacement of the fuel droplets approximately perpendicular to the
direction of the relative wind over the moving crashed airplane. It was
also observed that, when the point of fuel splllage was located spanwise
from the ignition source, fuel ignition occurred after the airplane slowed
appreciably from its high speed at the crash barrier. A typical instance
of this effect is illustrated in figures 12(a) to 12(d) in which are shown
a series of pictures taken in sequence as the crashed airplane slid from
the crash barrier to its rest point. Each photograph of the series shows
an exhaust flame issuing from the engine tail pipe located 5 feet span-
wise from the point of fuel spillage on the wing. Ignition of the fuel.
mist at the engine tail pipe occurred, however, when the airplane slowed
from its initial speed of 137 feet per second at the crash barrier to
10 feet per second, which was the speed of the airplane when the photo-
graph of figure 12(d) was taken. (The light which appears on top of the
pilot's compartment (fig. 12(c)) is & timing light.)

A study of the spanwise fuel spread conducted with taxiing airplanes
and simulated fuel spillage (fig. 13) showed the following mechanism of
fuel dispersion. When the leading edge of a fuel tank is breached in a
decelerating airplane, the momentum of the fuel in the tank provides a
forward surge of the fuel as a solid stream from the tank opening.

Impact with the air spreads the stream to give a spanwise velocity com-
ponent to the fuel particles somewhat as would occur if the solid stream
of fuel were to splash against a wall set normal to the original jet
fuel direction. The forward velocity of the fuel particles is reduced
when the spanwise velocity component is acquired. The advancing airplane
intercepts the spreading fuel mist. If the airplane moves slowly, the
fuel has an appreciable time to spread spanwise before interception and
can extend to the nacelle. Likewise, high decelerations will produce
high-velocity fuel jets that extend well ahead of the airplane and
acquire high spanwise velocities. The combination of reduced airplane
speed and high deceleration represents the critical conditions of air-
plane motion from the standpoint of fuel ignition by a source removed
from the zone of fuel spillage.

A fuel mist pattern obtained when the airplane deceleration is low
and the speed is high would have the small apex angle and consequent low
spanwise extension at the leading edge of the wing shown in figure 14(a).
In contrast, the mist pattern associated with a high deceleration and
reduced airplane speed (fig. 14(b)) shows a wide apex angle and appreci-
able spanwise spread along the wing leading edge.
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Wetting patterns (figs. 15(a) and 15(b)) obtained with the simulated
fuel spillage during the airplane taxiing studies show these effects
clearly for four combinations of airplane speed and decelerations. The
fuel was replaced by dyed water which issued from the wing at the loca-
tion indicated in the figures. In figure 14(a), the wetting patterns on
the underside of the wing obtained with a fuel jet velocity corresponding
to a sustained deceleration of approximately 2.5 g are less extensive
spanwise than those obtained in the case of the 6.4 g deceleration shown
in figure 15(b). In both figures, the wetting pattern is broadest for
the lower airplane speed. In the high deceleration case, the fuel mist
had a forward extension sufficient to wet the propeller blades and cowl
inlet. Because the fuel droplets in the mist are airborne, a relative
wind having a spanwise component from the wing tip to the nacelle, as
in the case of figures 15(a) and 15(b), will shift the fuel mist toward
the nacelle and increase the likelihood of contact with an ignitor. If
the relative wind was directly from the front, the wetting pattern would
be approximately symmetrical about a chordwise line through the fuel
spillage point. .

An example of an extreme forward development of the fuel mist
obtained during a crash involving high airplane decelerations is shown
in figures 16(a) and 16(b). The fuel mist extended 28 feet shead of
the wing and reached a height of 12 feet above the top of the wing.

In order to establish the difference in velocity between the air-
plane and the tank fuel required for the fuel to project ahead of the
airplane, the airplane deceleration must be sustained for a time that
varies inversely with the magnitude of deceleration. In the case shown
in figure 16, 0.3 second after the airplane nose struck the ground,
which represents the onset of high deceleration, fuel appeared at the
leading edge of the wing with an initial velocity of approximately
30 feet per second with respect to the airplane wing. One second later
the fuel achieved an extension of 28 feet ahead of the wing. In the
high-deceleration phase following impact of the nose the wing reached
a momentary peak deceleration of 20 g.

The volume of fuel mist generated with a given rate of fuel spillage
is greater for a high-winged airplane like the C-82 than the low-winged
airplane like the C-46. This results from the fact that the fuel issuing
from the tank of a low-winged airplane, whose wings are close to the
ground in a crash, is intercepted by the ground before appreciable atomi-
zation of the fuel occurs (fig. 17(b)). The fuel sweeps forward of the
wing leading edge and fans out on the ground attaining a significant
spanwise extension in liquid form. Slightly above this liquid spillage
is an associated fuel mist generated by the splashing fuel in the rela-
tive wind.
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The ignition of the fuel distributed in this manner by an oil fire
in the nacelle forward of the wing leading edge is illustrated in fig-
ures 17(a) to 17(f). The nacelle installation of the airplane used in
this crash (fig. 18(a)) shows an oil cooler located at the bottom of
the nacelle directly behind the exhaust collector ring. Shortly after
the airplane passed through the poles at the crash barrier, the fuel
spilling from the wing tanks has the pattern shown in figure 17(a),
which is associated with low airplane deceleration and high airplane
speed sketched in figure 14(a). When the airplane nacelles struck the
ground the oil coolers were broken away from the oil lines and oil poured
on the exhaust collector ring (fig. 18(b)). The airplane decelerations
resulting from the friction and plowing of the airplane structure along
the ground provided a fuel mist pattern whose apex led the wing leading
edge, as shown in figure 17(b), in contrast to the fuel spillage pattern
at the crash barrier, which was well behind the wing leading edge
(fig. 17(a)). At 1.9 seconds after impact at the barrier, the airplane
instrumentation indicated a small oil fire at the base of the exhaust
collector ring (fig. 18(b)). Visible in the photograph taken shortly
after this time (fig.. 17(b)) are dense clouds of condensed oil vapor issu-
ing from the nacelle. The spilling fuel can be seen pouring forward of
the leading edge of the wing in contrast to its earlier position under the
wing at higher airplane speeds, as shown in figure 17(a). In figure 17(b)
fuel mist and condensed oil vapor merge to form a continuous combustible
atmosphere at the reduced airplane speed of 3 feet per second. As the
airplane slowed, the fuel pattern increased its forward extension
(fig. 17(c)) until just before the airplane came to rest the fuel
extended to the nacelle. Propagation of the oil fire through the dense
condensed oil vapor cloud issuing from the nacelle provided the fuel’
ignition close to the nacelle shown in figure 17(d). The fuel mist and
condensed oil vapor suspended in the air around the airplane were made
visible to the camera by the flame that traveled through them (figs. 17(e)
and 17(f)).

\ .

Significance of fuel volatility in crashes involving fuel mist
ignition. - In crashes in which ignition of dense gasoline mist by an
ignition source is involved, the full-scale crash studies indicate that
the substitution of fuel of low volatility for gasoline does not prevent
a fire. In figure 19(a) is shown the ignition of the dense low-volatility
fuel mist by an exhaust flame. In accordance with the mechanism of fuel
mist dispersal previously described, this ignition took place 2.0 seconds
after the airplane crashed at the barrier and slowed to 98 feet per
second from its crash speed of 150 feet per second.

A similar fire by exhaust flames igniting the fuel mist occurred on
the right side of the same airplane as shown in figure 19(b). The fire

burning on the left side of the airplane (fig. 19(a)), set l% seconds

earlier, is also visible. A second crash in which the low-volatility fuel
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was employed provided a fuel mist ignition at reduced airplane speed
under similar circumstances on the right side of the airplane (fig. 19(c)).
Exhaust flames did not appear on the right engine nacelle in this crash
and fuel ignition did not take place.

Ground studies of flame propagation through fuel mist. - In order to
obtain an appreciation for the circumstances under which fuels of low

~volatility will provide a margin of safety over gasoline when dispersed

as a mist, ground studies on the ignition and propagation of flames
through fuel mists of volatilities with Reid vapor pressures ranging
from 0.1 to 20 pounds per square inch were conducted with the multiple
fuel nozzle rig shown in operation in figure 20(a). Because the details
are difficult to differentiate in figure 20 as reproduced in color,
black and white copies of the -figure in which the details are indicated
are shown on the opposite page. The plume of fuel mist issuing upward
from the nozzle rig was laid into a horizontal direction by the wind.
When an ignitor, a burning kerosene-soaked rope, moved through the fuel
mist toward the nozzle rig, the first evidence of ignition of the mist
was indicated by short tongues of flame extending into the mist downwind
of the ignitor (fig. 20(a)). For fuels having a vapor pressure equal to
or less than gasoline, this first appearance of mist ignition occurred
in portions of the mist which appeared -quite dense, the air temperature
being approximately 68° F. As the ignitor is brought into the denser
mist closer to the nozzle rig, the flames propagate as a continuous sheet
dovnwind from the ignitor through the mist (fig. 20(b)). In further
displacement of the ignitor toward the nozzle rig, a point was reached
at which the flame propagated upwind (fig. 20(c)).

When isopentane, having a Reid vapor pressure of 20 pounds per
square inch, was employed as the fuel, the mist evaporated a short dis-
tance downwind of the nozzle rig, providing vapor plumes that were
visible because of the associated optical refraction effects. Ignition
of the fuel took place in the totally evaporated plume. In daylight the
flame front moving upwind through fuel vapor was visible only as a color-
less circular wave. Visible flame first appeared when the colorless
circular wave propagated to the tails of the fuel mist (fig. 20(d)). The
distance between the ignitor and the flame shown in the figure represents
the displacement of the colorless wave through the fuel vapor. The same
effects would be obtained with gasoline on very hot days. :

Data on the maximum downwind distance from the nozzle rig that an
ignitor must be placed for upwind propagation of the flame through the
fuel mist obtained in these studies are plotted in figure 22. These
data cover the range of Reid vapor pressures from 0.1 to 20 pounds per
square inch, for an air temperature of 68° F, with a fuel flow rate of
178 gallons per hour through 17 hollow-cone spray nozzles each having a
nominal rating of 10.5 gallons per hour. The data of figure 22 show that
in a given crash involving ignition of fuel mist the maximum downwind
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distance the ignitor may be from the point of fuel spillage for the flame
to propagate upwind to the airplane through the mist varies directly with
fuel vapor pressure and inversely with wind speed The maximum downwind
distance from the fuel source at which upwind flame propagation will
occur for gasoline mists (7 lb/sq in. Reid vapor pressure) decreases’
from 8 to 5 feet where the wind ‘speed is doubled from 8 to 18 miles per.
hour. At a wind speed of approximately 16 miles per hour, a change from
gasoline to isopentane (20 lb/sq in. Reid vapor pressure) raises this
maximum flame propagation distance from 5 to 14 feet. Because the dis-
tances given on figure 22 are a, function of the rate of flow of fuel
generating the mist, magnitudes shown are of limited significance. The
relative magnitudes given are important, however. These data are con-
sistent with those obtained by the Texas Company in a comparable study
(reference 13) in which the fuel mists were generated by dropping fuel-
filled bottles on a concrete platform exposed to a known wind. The
presence of airplane debris can modify these results materially by pro-
viding wind-protected zones having lower wind speed than those prevailing
generally. The likelihood of upwind flame propagation through the fuel
mist along these wind-protected zones is increased over that which would
exist in an unobstructed w1nd

‘These data show some advantage for fuels of low volatility under the
special circumstances where the ignition source lies downwind of the fuel
source producing the mist and upwind flame propagation through the mist
is required to spread the fire. In the absence of statistics on the
probability of these circumstances appearing in a crash, it is difficult
to evaluate the margin of safety prov1ded'by fuels of low volatility when
large fuel mists are generated.

Liquid ‘Fuel Spiliage

The probability of obtalnlng combustlble concentratlons of fuel vapor
and air from fuel spllled as liquid depends to a large degree on the
local air ventilation around this spillage. Because of the low ventila-
tion rate in the enclosed cavities of the airplane, such as the wings,
‘large volumes of combustible concentrations of fuel vapor can accumulate
from relatively little spillage. 1In zones such as the nacelle and land-
ing wheel well of a -crashed airplane at rest, moderate ventllatlon rates
exist. Relatlvely large fuel splllage, with' evaporation taking ‘place
from extens1ve wetted surfaces, is required for combustible concentratlon
to be realized’in these zones. Vapors from liquid fuel’ splllage on the
ground exposed to the w1nd are subject to a high rate of air dilution and
combustlble concentratlons of vapor only appear close to the 11qu1d fuel

External fiel splllage. 2of the three types of liquid’ splllage Just
considered, only the ignition hazard associated with spillage on thé
ground exposed to the wind has been investigated in some detail at this
time. Gasoline spllled in the open air as liquid on warm ground or paved
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runway loses its more volatile constituents quite readily; the heat of
evaporation is provided in large part by conduction from the unevaporated
fuel and the fuel-wetted surfaces. Following the loss of the most vola-
tile constituents and the associated temperature drop of the wetted sur-
.faces, the fuel evaporation rate declines rapidly. The heat of vaporiza-
tion is now provided primarily by convective heat transfer between the
ambient air and the cool fuel. Exploration of the atmosphere by a com-
bustible vapor detector downwind of a pool of aviation gasoline arranged
in pans measuring 16 feet long by 4 feet wide with the long dimension in
the wind direction showed that the maximum horizontal downwind distance
from the fuel at which ignition was possible was approximately 2 feet
when the fuel was freshly exposed to a 3-mile-an-hour wind on a 70° F day.
This danger distance declines to.less than 6 inches after several-minutes
exposure of the fuel. The downwind air strata in which combustible fuel
concentrations existed seldom attained a height of 6 inches above the
fuel level of the ground-supported pans. This horizontal and vertical
hazard distance decreases markedly with increasing wind velocities. In
a 9-mile-per-hour wind the flame must be placed within 2 inches of the
surface of the fuel at the downwind lip of the fuel pans in order to
ignite the fuel. A photograph of the ignition of the fuel under these
circumstances is given in figure 21, in which is shown the close prox-
imity of a cable-supported piece of burning waste to the downwind edge

of the pool of gasoline required for gasoline ignition on a 70° F day.
The pool of gasoliné used in these studies is comparable in dimensions

to those observed around the nacelles of airplanes crashed in this
research., These results on the marked reduction in ignition danger dis-
tance with increasing wind velocity are consistent with those obtained
elsewhere with prevaporized fuel released to the wind through single

pipes.

The small danger distances around liquid gasoline spillages in open
air are due, in part, to the fact that gasoline has a heat of vaporiza-
tion of approximately 140 Btu per pound, whereas the air which supplies
this heat of vaporization by convective' heat transfer has a specific
heat of approximately 0.24 Btu per pound per °F., The same air flow which
provides the heat of vaporization also serves to dilute the evolved fuel
vapors. Because of the large ratio of heat of vaporization of gasoline
to the specific heat of air, a reduction in temperature of about 15° F
is required of the air moving over the fuel surface to transfer enough
heat to the fuel to evolve the mass of vapor necessary to bring the
resulting air-fuel mix to the lower combustible limlt ‘Only the air
layer moving within a . few inches of the fuel surface w1ll undergo such
a temperature drop in the short transit distance over the fuel. The
combustible concentrations of vapors will be within this air layer of
small vertical extent. Air dilution by mixing with adjacent air flow
reduces the vapor concentration in this vapor-bearing layer shortly
downwind of the pool of gasoline.
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The short ignition hazard distance’ obtained in this work for liquid
pools of gasoline exposed to unobstructed 'winds above 3 miles per hour,
which ‘exist more than'95 percent of the time in most of the United States,
indicates a small likeliliood of ignition of vapors convected by the air
from these pools to an ignition source. Even when the gasoline pools.
were arranged at the engine cowl lips and cowl flaps as shown in fig-
ures 23(a) and 23(b), respectively, wihd-borne vapors from the gasoline ™
in combustible ¢oncentration did not extend. 1nto the nacelle for a
sufficient distance to be cons1dered hazardous.

When the gasoline is spllled in tall grass and 51m11ar vegetation,
the gasoline-wetted leaf surfaces increase the surface area from which
fuel vaporization occurs. Protection of the vapors from air dilution
by mixing is also provided. The ignition hszard distance, vertical and
horizontal, is considerably longer than that whlch results from gasoline
spillage on bare ground or pavement

In zones around the crashed airplane well protected from the wind,
vapor accumulation is possible. In the absence of. significant heat
transfer by forced convection from the wind, heat by conduction through
the ground and the metal structure of the alrplane, and radiation from
the surroundings, govern the fuel vaporization rate. Because vapor
accumulation is possible, zones of combustible concéntrations can develop
with time, the magnitude of which is governed by air temperature, fuel
volatility, the geometry of the airplane wreckage, and its orientation
to the wind. Likewise, when spillage occurs on the ground in still air,
the fuel vapors form as a ‘layer adjacent to the ground by virtue: of the
high density of fuel vapor ‘with respect to air. This fuel vapor layer
flows by gravity and may acquire considerable horizontal extent compared
with the dimensions' of the llquld pool from which the vapors ‘are gener~
ated. Ignltlon of ‘this vapor requires an ignition source- placed close
to ‘the ground Burnlng ‘0il vapors or droplets drlpping from the engine
exhaust system, or- ‘broken elements of the hot exhaust system falling to-
the ground may provide the ignition in this instance.” Most ignition
sources in alrplane crashes - involving moderate ‘structural - damage will
lie above this fuel vapor layer, however. In the full-scale crashes,
ignltlon of fuel vapor so’ arranged was never observed " ‘In the- crashes
conducted, however, clrcumstances conducive to the development of such
fuel vapor layers were’ rare. C

Internal fuel” spillage. -In a crash fuel splllage contalned w1thin
the wing in airplanes of conventional conflguratlons is exposed to 1gn1-
tion sources belonglng primarily to the electrical system.' Components
carrled on, or Wlthln, the wing requlring electrlcal w1ring include
wing t1p lights, landlng llghts, fuel pumps, and fuel system solen01d
valves. Ignltlon ‘of "fuel - spllled in the w1ng by ‘the’ electrical system
was observed in one crash in which the poles at the'crash barrier ‘were
set to smash the operating landing lights located in the leading edge of
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the wing and. to drive them into the wing where the fuel tanks were also
breached (fig. 24(a)). The exposed hot lamp filament ignited the fuel
spilled within the wing within 0.35 second after impact with the pole
barrier. The resulting fire as it first appears issuing from the wing

is shown in figure 24(b) Because of the close proximity of the ignition
" .source to the fuel spillage, ignition occurred immediately on exposure

of the fuel at an airplane speed of approximately 92 miles per hour. The
flame in figure 24(b) appears on the outside of the wing before the air-
plane has moved its own length from the barrier. A front view of the
airplane (fig, 24(c)), taken at the same time, shows a similar fire on
the left airplane wing produced under the same circumstances. Propa-
gation of the fire into the fuel mist associated with the fuel spillage
from the moving airplane provides the high rate of fire development '
indicated in figure 24(d), which shows the airplane fire 1.8 seconds
after ignition. The flame-holding action of the airplane elements, such
as the damaged wings containing burning fuel, allows high air speeds in
the combustion zones without flame blow-out, which is consistent with
Jjet-engine combustion experience where similar circumstances exist.

When the fuel spilled within the w1ng forms a continuous wetted path
to an outside ignitor, the resultlng fire moves along the path to the
fuel source. Channels for the distribution of the fuel within the wing
may develop 1n the crash or be a part of the normal alrplane conflgura-_
tion. The hot-air duct, for example, lylng along the leading edge of
the w1ngs for protection against icing may serve as a fuel distribution
channel directing fuel spilled in a crash to a combustion heater or
exhaust gas heat exchanger that normally provides the hot air for icing
protection. 'An 1llustrat10n of the latter mode of fuel conduction to an
ignition source was prov1ded in the crash deplcted in flgures 25(a) '
to 25(c). In figure 25(a) is shown a wing in which the passage of the
pole at the crash barrier through the leading edge of the wing bent the
skin toward the 1nterlor of the w1ng Part of the fuel surging forward
out of the wing rent was deflected into the leadlng edge hot-air duct
by the scoops formed by the deformed wing skin as indicated schematically
in figure 25(b). . By virtue of the wing dlhedral the fuel flowed by
gravity toward the heat exchanger, located on the engine exhaust tail .
pipe s1tuated sllghtly forward and below the wing, that supplies the hot
air Por the 1c1ng protection system The fuel flowed through the clear-
ance between the duct wall and the hot-alr flow control flap in the
closed position and onto the heat exchanger. Ignition occurred at the
heat exchanger and the flame propagated back to the w1ng to produce the
wing explosion shown in figure 25(c).

The w1ng also serves as a channel for conductlng w1ng spllled fuel
to adjacent airplane components In the aircraft of the general con- .
flguratlon'of the C- 82 these adJacent components are usuallj the wheel o
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well and the engine nacelle. A photograph of the distribution of fuel.
throughout the wheel well of a crash airplane is shown in figure 26(a).
This red-dyed fuel, released directly from damaged wing tanks, flowed
to the wheel well through the internal wing structure. Because the
wheel well contains elements of the electrical system, ignition of fuel
from this source is probable when the fuel system is disrupted in a
crash. Also of interest is the fuel that coursed down the landing wheel
strut (fig. 26(b)). This fuel, in conjunction with overheated wheel
brakes, poses the possibility of fire initiation not observable in. this
crash study because brake application was not employed.

Wetting conduction. - In addition to the trough-flow of liquid fuel
through internal channels of the airplane just described, fuel in
rivulets and sheets does flow by gravity along the under side of air-
plane surfaces inclined to the horizontal. This type of flow is called
"wetting conduction" to distinguish it from the other forms of fuel
flow.

Wetting conduction of fuel occurs, for example, when some of the fuel
spilled within the wing seeps through riveted seams of metal plates form-
ing the skin and clings to the under side of the wing. While some of
this fuel drips to the ground, an appreciable percentage of the fuel
adheres to the under side of the wing and flows by gravity. If the wing
slopes from the point of fuel tank spillage toward the airplane nacelle
by virtue of the wing dihedral or attitude imposed by the crash, an
appreciable fuel flow is directed toward the nacelle where many of the
ignition sources are located. In figure 27 is shown a typical wetting
conduction trail marked by dye contained in the fuel carried by an air-
plane that did not burn in the crash. The continuous fuel flow path
from the area around the breach in the wing to the wheel well doors is
evident. The dye trail left by the fuel flowing along the airplane skin
directly above and behind the exhaust tall pipe is obscured by the dark
paint on this portion of the airplane. The likelihood of ignition of
this fuel by an exhaust flame is evident. Such ignition has never been
observed in the limited number of crashes conducted in this program,
perhaps becausé every appearance of exhaust flames that occurred several .
seconds after crash iqvolved ignition of the fuel mist. '

Spreading of the fuel by wetting conduction proceeds at a relatively
slow rate., In crashes in which fuel mists do not appear but fuel tank
rupture does occur by inertia loading of the fuel on the tank walls
during the crash deceleration, wetting conduction may well represent
the mecharism by which.the fuel reaches the ignition source at the
nacelle. Under such circumstances, the ignition that may occur will
probably take place several seconds after the airplane comes to rest,
_the ‘delay invo}véd-representing the time for the relatively slow movement
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of the fuel by wettlng conduction. While the airplane is’ in motion,
likewise, the air flow around the wing will impose a chordwise motior

on the fuel and direct- it to the relatively safe zones at the wlng trail-
ing edge if ‘the airplane is’ moving nose foremost. When the alrplane ‘
comes to rest, a tail wind would promote the forward movement of the”
fuel toward the nacelle.

The same process of wetting conduction takes place within the
nacelle and the wheel well by fuel lost from the ruptured fuel lines’
or other fuel system components, or by fuel flowing through the alrplane '
channels from spillage at remote locations. Fuel flowing by gravity into
the nacelle, from a source of small size, can achieve appreciable spread
by the combined process of wetting and dripping from one structural or
engine component to another. In this way, the likelihood of contact
with an ignition source is improved. Suitable photographs of this form
of fuel spread in the nacelle are unavailable, but the process involved
is evident from the spotty, yet widely distributed, fuel wetting shown
in the wheel well of a crashed airplane in figure 26(a).

In those cases in which wetting conduction or fuel flow through
structural channels is responsible for prolonged contact between an
ignitor and the fuel in liquid form so that appreciable quantities of
vapors are generated, the use of fuels of low volatility would not
materially reduce the likelihood of fire. Where vaporization of the
fuel across an air gap is required for the fuel to reach an ignitor,
low-volatillty fuels provide a real advantage. .

Nacelle fuel splllage. - When liquid fuel spillage occurs within the
nacelle, there is a high probability of ignition by a large variety of
ignition sources associated with thé engine and the complex electrical
installation in the engine accessory section. As an example of the
ignition of fuel spilled as liquid within the nacelle, it is instructive
to follow the sequence of events leading to the ignition of this. fuel by
the accessory section electrical system in one crash as revealed by the
crash instrumentation. The crash 1nstrumentat10n indicated rupture of
the engine fuel line’ in the accessory section upon crash impact with the-
fuel booster pump at the wing tanks operatlng at normal speed. Vapor '
detectors indicated combustible concentrations of fuel at the fuel line
bulkhead fitting on ‘the nacelle fire wall 1/4 second after crash impact.
Location of this and other vapor detectors and nelghborlng fire detection
thermocouples is indicated in figure 28(a). At this time, 1/4 second
after crash impact, combustible vapors did not appear at any other loca-_
tion in the" nacelle. Crash instrumentation 1ndicated an electrlc current
surge in the generator starter circuits starting 1/2 second after crash
impact which reached a peak value of" 30 amperes at l second after crash
The first ‘fire detection thermocouples to register were located immediately

A I
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above the electrical Junction box located on .the nacelle fire wall
(fig.. 28(b)), which is part of the generator-starter system. This
Junctlon box, therefore, is taken to be the location of a short circuit
arc that provided the fuel ignition. Succe551ve indication of the fire
detectors showed a uniform development of the fire forward from the fire
wall to the exhaust collector ring, indicating that the exhaust system
was not involved in the first fuel ignition (figs. 28(c) to 28(d)).
Extension of the fire from the nacelle to the fuel spilling from the
tanks as the airplane slowed to rest is shown in the succession of
photographs of figures 29(a) to 29(c).

Fuel éapor Spillage

In a crash, spillage of fuel vapor premixed with air in combustible-
proportions may take place from the damaged engine 1nduct10n system. When
supercharging is employed, the compressed fuel-air mixture release is
rapid. Because of the close proximity of the hot exhaust disposal
system and electric equipment in the accessory section of the airplane,
ignition of this fuel-air mixture will most likely occur within a few
seconds after the engine induction system is damaged. If concurrent
damage to the nacelle permits a high ventilation.rate through the engine
accessory section, ignition of the fuel-air mixture must occur immediately
after spillage if. it is to teke place at all because the mixture will be
rapidly diluted with air below the caﬂbustible limit

Because the quantity of fuel contained w1th1n the engine induction
system at any time is only. enough to produce a fire equivalent to a
severe backfire, ignition of this fuel is of little consequence. If,
however, other spillage of combustibles occurs previous to this igni-.
tion, then these combustibles may be 1nflamed by the flash fire of the
engine induction system fuel.

In the crash in which this mechanism of fuel ignition was observed,
the airplane involved was equlpped with steel-bladed propellers. Impact
of the propeller with the abutment of the crash barrier produced a rota-
tional displacement of the engine sufficient to rip open the engine
induction system and the cylinder exhaust stack connection to the exhaust
collector ring.. The vapor-air mixture released from the engine induction
system was ignited by plumes of exhaust flame issuing from the open
exhaust .stack before the wing fuel. tanks were breached by the barrier poles
(fig. 30(a)). At the. same time the crash instrumentation indicated.a
parting of the engine fuel line in tlie nacelle produced by the engine
deflection. Fuel poured from this line with the fuel booster pump at
the tanks operating at normal speed. The fire of the englne induction
system fuel-air mixture 1gn1ted the fuel spillage from the broken engine
- fuel line to produce the fire shown 0.29 second after crash impact in
figure 30(b). The air flow around the engine spread the flames into the
nacelle wake. The fuel mist issuing from the wing tank rupture imposed
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by the poles at the crash barrier was ignited behind the wing where the
spreading fuel mist intercepted the flame extending rearward from the
nacelle, as shown in figure 30(c). At this time the fire had not propa-
gated to the fuel mist under the wing. The resulting w1ng flre 1 2 sec-
onds after 1mpact is shown 1n flgure 30(d)

The engine 1nduction system fuel can be ignited from within the
engine by the ordinary backfire mechanism. If the engine induction
system is ruptured before the backfire occurs the resulting flash nay
appear within the nacelle cowl and play the’ same role in setting the
crash fire as the induction system fuel played in the fire Just
described. While no_airplane fires occurred by this backfire ignition
of the induction system fuel in the crashes conducted so far, the dis-

- tinct possibility of setting fires in this way is shown by the under-
cowl 'induction system fire shown in figures 33(a) and 33(b) The dis-
arranged engine cowl in its displacement from its normal’ position
severed the engine cowl inlet connection to the carburetor and prov1ded
an opening through which the engine- 1nductlon system fire appeared ' -
within the nacelle, 3.5 seconds after crash. In this instance the fuel '
involved was the low-volatility (8 mm Hg Reid vapor pressure) fuel. The
circumstance just described occurred in the crash dlscussed previously
in conJunctlon with flgure 19. '

Engine 1nduct10n system fuel-air mixture that is spilied when the
engine assembly is torn free of the nacelle in the crash was never
observed to ignite in the three instances in which this occurred in the
full-scale crashes. Two of these engines employed low-volatility fuel
(8 mm Hg Reid vapor pressure) and one used gasoline. The brief contact
between the released fuel-air mixture and the hot exhaust system metal
permitted by the tumbling engine and the rapid fuel - dllutlon rate with
the surrounding air is probably responsible for thls result.

CRASH-FIRE EXPERIMENTS WITH MODIFIED AIRCRAFT

After the same ignition sources were observed repeatedly in the
crashes conducted ‘with the crash arrangements accepted as standard for
- the first phase of the full-scale crash study, modifications in pro- =
cedure were employed in an effort to discover ‘otheér 1gn1tlon sources'
and observe how they serve to initiate a fire. These modifications -
involved alterations to the airplane and the crash barrier.' The' quantlty
of fuel carried by the airplane remained unchanged at 1050 gallons.-
Aylatlon grade gasollne was used throughout thls phase of the program.“"

\

Ignition Source Inertlng

LG

Because the fires- observed in the’ first® phase of the full scale
crash-fire program weré set: by ignition sources that functioned shortly =
after crash impact, it appeared probable that these early fires were .
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masking other fire setting mechanisms which would appear later in the :

crash. In an effort to prevent these early fires, therefore, the nacelle
installation”shownlschematically'in figure -31 was employed to reduce the
~likelihood of fire by ignition sources revealed in previous airplane .

crashes. ’ ' ‘ ' B

The ignition suppression installation consisted of four main com-
ponents all actuated as soon as possible after crash impact. In order .
to prevent the generation of flames issuing from the engine inlet, tail
Pipe, and other elements of a crash-disrupted exhaust disposal system, a
solenoid-operated fuel shut-off valve was placed between the carburetor
and the fuel injector on the supercharge impeller. 1In addition, a
second element consisting of a 3-pound chérge of fire extinguishing agent
was arranged to discharge into the supercharger impeller case with suffi-
cient ‘velocity to provide reasonably uniform mixing with the engine '
induction system fuel. A l/z-pound-per-Second discharge rate was
employed, giving a totdl discharge time of 6 seconds. This fire extin- .
guishing agent served to inert the engine induction system fuel flowing
through the engine that is present before the fuel shut-off valve closes
completely. It was found desirable to inject the extinguishing agent at
the impeller housing rather than at the carburetor in order. to reduce
the timé required ‘to transport the extinguishing agent from the injection
station to the engine cylinders. Experienpe with injection of the extin-
guishing agent into the air flowing th:ough'the‘carburétor'showed that
the transport time involved was great enough for undesirablé exhaust
flames to appear momentafily,at the exhaust tail pipe when the engine
rotational speed is reduced abruptly by propeller impact at. the barrier.

Electric ignition sources were avoided by cut-off switches on the
battery and generator circuits. The engine ignition was allowed to
remain opérative on the thesis that, should combustible mixtures of fuel
and air be ingested by the engine because of faulty operation of the _
fuel shut-off or fire extinguishing'agént system, thén normal combustion
can take place in the cylinder. _Otherwise, the fuel may pass into the
exhaust system, there to ignite and produce an exhaust flame. Because
the landing lights remain hot "enough to ignite gasoline for at least
0.75 to 1.5 second after the electric current is turned off, interruption
of- the electric current by the cut-off switches did not represent a . =
satisfactory control of this ignition Source. For this réason the
crashes under this phase of'ﬁhe program were conducted with the landing -
lights inoperative. S e ' ' T '

The fourth element of the ignition suppression installation was a
system of distributed water sprays designed to give simultaneous uniform
coverage of the hot metal of the exhaust disposal system and the associ-
ated tail-pipe heat exchanger. The water spray served the two-fold pur-
pose of- rapidly cooling the hot metal to safe temperatures and provided,
meanwhile, a protective blahketvdf‘stgam‘genératédVon the hot surfaces
that inerts the adjacent température. Water was the fluid seiected for
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this purpose because of its high heat of vaporization and low molecular
weight. Relatively small weights of water provided effective cooling
‘and generated large .volumes of inerting steam in the: high-temperature -
zones adjacent to the hot metal by virtue of its low molecular weight.
A consideration of the heat capacity of the hot metal of the exhaust
disposal system and heat exchanger, and the temperature drop of 250° F
required to reduce the metal temperature from.the maximum temperature
of 1200° F at the moment of crash to 950° F, the lowest exhaust system
surface temperature at which gasoline will readlly 1gn1te yields a water
requirement per nacelle of approximately 1/2 gallon for the C-82 air-
plane. In order to provide a safety factor, 4 to 6 gallons of. water
were employed for each nacelle.

- / . .

In view of the 760° F minimum ignition temperature of lubrlcatlng
0il measured on the hot exhaust collector ring in these studies, some -
additional consideration of the temperature to which the collector ring
metal is to be cooled is in order. A review of the sequence of events
in a crash with the airplane equipped with water sprays -leads to the
following assessment of the cooling spec1f1cat10n. Immedlately follow- -
ing crash impact and in the subsequent motion of the airplane's slide to
rest, contact between lubricating oil and any part of .the hot exhaust
collector ring is quite likely. Durlng this time,. water sprays are in
operation, a portion of the oil that may be in contact with the exhaust
system evaporates along with the water, and the remainder drips from the
exhaust system with some of the water. When the airplane comes to rest
with engines stopped and oil pumping stopped, further contact between
the exhaust system and oil occurs with the oil flowing by gravity. Under
gravity flow the contact that does occur will most likely be confined to
the lower octant of the exhaust disposal system. Water sprayed on the
exhaust system also drains by gravity tc the lower portlons of the ]
exhaust system elements and provides greater coollng in these zones. In -
general, all eleménts of the exhaust system considered 1nd1v1dually
experlence greater cooling on the lower ‘portions. for this reason. If the
water sprays are maintained for about 10. seconds after the airplane comes
to rest those surfaces llkely to be wetted by lubrlcatlng oil flowing by
gravity are cooled to safe temperatures. The quantity of water carried .
in this® system was more than ‘adequate to meet the modest added water
requlrements for the lower portlons of the exhaust system. In the 1nsta1-
lation employed here, the water spray nozzles were sized to give a total
spray time of 20 to 30 seconds g1v1ng a. flow for.15. seconds 0T more after
the airplane comes to rest. On the basis of observatlons made in this -
study, departures from the mode of oil contact with the exhaust system
descrlbed here are considered to have a.low probability of- occurrence
unless a large degree of dlstortlon and dlsplacement of - the exhaust
system occurs 1n the crash, ..

I

The essentlal elements of. the water sprayﬁsystem are shown schematl-
cally in flgure 32(a) The water, contalned under n1trogen pressure; of:.:

approx1mately 400 pounds per square inch, was dlstrlbuted to.all hot
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metal elements of the engine exhaust system through the 3/4 inch- diameter
manifold shown in figure 32(b). The spray nozzles and branch lines . ter-
minating in -spray nozzles are requlred to prov1de uniform water coverage
of the hot metal parts.' In order to provide rapid cooling. of the hot . ..
metal, water was also sprayed into the interior of ‘the . exhaust system at.
six equally spaced locations, one of which is visible.in figure 32(b) at
the junction 'of the tail pipe with the collector ring. The equivalent .
water-spray - 1nstallat10ns for the exhaust-gas heat exchanger is shown .

in figure 35."" The nece851ty for prov1d1ng a protective blanket of steam
around the external surfaces of the hot metal, where contact with com- ..
bustibles may occur, 'while it cools to safe temperatures fixes the
eternal appllcatlon of water as the primary requirement for this method
of inerting. ' External applicatlon of water is wasteful of the. water,..
however, because of the run-off of water in liquid form. . By a proper
split between interhal and external utilization of water, some economy .

in water requirements was obtained. Internal application of water pro-
vides the added advantage that the water is totally contained within the
exhaust system no matter how much it is twisted and displaced.. Because
water applicatlon had to begin as soon as possible aftér crash impact,
while the air ‘speed through the nacelle is high, the spray nozzles were
placed close to the hot metal to minimize water loss by air entralnment
The reduced surface coverage per nozzleé occasioned by this close’ prox1m-',
ity of the nozzles to the hot surfaces was compensated somewhat by
arranging for the water to strike the surface at close to glancing inci-
dence so that it ‘may fan out along the surface. The water flow rate
was adjusted to correspond roughly to the rate at which the water is
evaporated initially. ' Faster water flow rates increase the water waste
by liquid~run-off{ ' a o

‘Before any of the aircraft ‘were committed to this portion of the‘
program, the elements constitutlng the complete inerting system were
checked for their functional effectiveness and the time follow1ng crash
impact they can be expected to operate. Fuel and electrical shut- off
systems required development to 1mprove reliablllty and actuatlon speed.
Extinguishing agent injection systems were engineered for unlformlty of
distribution within ‘the' engine inlet manifold. The effectiveness of "the
water- spray ‘system was- evaluated in ah operatlng engine nacelle by spray-
ing 0il on the 1ncandescent exhaust ¢ollector rlng and, w1th the oil '
contlnulng to flow, observ1ng “the action of the water spray in quenching
the resulting fire’: The appearance of the 011 fire before the’ water _i .
spray was turned on-is- shown in figure 34(a) " Oneé second after the water
spray was applied, the fire was extinguished as shown in figure 34(b).
Because the water- spray was effectlve in’ puttlng out an. ex1st1ng flre,.,..
it was'considered’ safe to assume that it would prevent 1gn1t10n in'the -
first place. Wlth ‘a water spray system that prov1ded effective’ coverage )
of the hot metal, 1gn1t10n of gasoline or oil aid not occur when applied .
after the water spray system was in operatlon.jfﬁ_ . .

Pt - g - . .- - el p
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Tests with gasoline sprayed directly onto the exhaust heat exchanger
showed that the water spray did give protection against ignitlon when
proper water dlstribution was provided with the nozzle arrangement shown..
in .figure 35, As additional insurance, however, against ignition of fuel
by conduction through the - 1c1ng-protect10n system hot air duct to the
exhaust-gas heat" exchanger,'a blind flange was inserted 1nto the duct
The hottest areas of the exhaust collector ring cooled from an Anitial
temperature of 1250° to 760° F, the lowest temperature at which lubri-
cating oil ignites on the external surfaces of the exhaust system, in
12 seconds. The exhaust gas heat exchanger cooled. to temperatures safe
for gasoline in 30 seconds. ‘Contact between the hot areas of the heat
exchanger and the lubricatlng 0il is highly ‘unlikely and rapid cooling | .
below 950° F is not required. The" relatively stagnant atmosphere of
steam within the heat exchanger continues to protect this zone until. the
heat exchanger cools by radiation and’ conductlon to other portions of
the airplane structure.

" In the crash the 1nert1ng system was actuated by a sw1tch carried .
on the guide rail slipper fastened to the nose wheel strut, a photographv,
of which is shown in figure.37(a). A plywood target (fig., 37(b)) was -,
' placed across the’ rail at the crash.barrier to operate the sw1tch after
the propellers struck the barrier abutments, To provide a margin of. '
safety against switch failure, a second switch connected in parallel was
carried on the side of the airplane. The second Pplywood target .shown on
the angle iron. support 1n figure 37(b) served this auxiliary switch

, The timé delay between operation of the 1nert1ng system actuating
switch and the inerting componént was 0.06 second for the extinguishing
agent discharge, 0.34 second for the. fuel shut-off valve, 0.10 second
for the electrical system cut-off switch, and 0.19 second for full water
spray flow rate. These time delays are listed in table. IT. A comparison
can be made between these time delays and the earliest times following
crash that fires were obtained with the various classes of - ignition
sources (table II) the inerting system components were de51gned to cover,
This comparison shows that in every case except one, the inerting system
components came into. operation before the corresponding 1gn1t10n sources

‘were observed to have produced a fire. The exception is the full c1051ng
of the- fuel shut-off valve in 0.34 second. with 1gn1t10n of the contents of
the englne 1nduction system occurring w1th1n 0. l second after crash 1mpact.
The ‘Ffire extingulshing agent attained full flow dlscharge in 0.06. second
however, ‘and thus prov1ded 1nert1ng until the fuel .valve closed

In the first crash conducted with the inertlng system equipped
airplanes and the’ standard crash barrler, fire occurred on both sides
of the alrplane The c1rcumstances under which these fires took place
merit” con51deration in® ‘some detail In . this crash the water spray. .
distribution manifold was supported from convenlent mounts available
on the engine. 1In the C-82 airplane employed in this phase of the
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study, the exhaust collector ring is supported from the fire wall. Upon
impact at the crash barrier, the right engine separated from its upper
mount and dropped to the attitude shown in figure 38(a). As a result
the water spray manifold was carried away from the exhaust collector
ring affixed to the fire wall. The crash instrumentation showed that
the fuel shut-off valve and electrical system switch of the inerting
system functioned properly. The fire extinguishing agent bottle was
stripped from the engine with the carburetor assembly to which it was
mounted. Three quarters of a second after crash impact, the instrumen-
tation showed the situation existing in the nacelle illustrated dia-
grammatically in figure 38(b), which depicts the pertinent nacelle
accessory section layout and location of the fire and vapor detector
layout. At thls time, the only combustible mixture indicated was located
close to the damaged. fuel strainer fastened to the face of the fire wall
at the base of the nacelle. Apparently most of the fuel lost from the
strainer ran down and out of the nacelle, leaving only a local zone of
combustible mixture. The fire.detection thermocouples mounted close to
the exhaust collector ring were normally warmed by radiations from the
collector ring. These thermocouples indicated a marked drop in exhaust
collector. ring temperature from the 10 to 12 o’clock positions, sig-
nifying that by chance some of the water spray was directed at this
section of the ring and provided local protection. At 2.2 seconds after
impact, the instrumentation indicated no change in the situation within
the nacelle. A photograph of the airplane.at this time (fig. 38(a))
moving at approximately 60 feet per second shows the marked forward
development of the fuel mist close to the ground -and the vertical incli-
nation of the engine and cowl. Some of the water spraying uselessly
from the damaged water manifold can be seen projecting vertically from
the nacelle. - At..3.8 seconds after crash the first evidence of fire
appeared between the 12 and 1 o'clock positions on the exhaust collector
ring (fig. 38(d)).. The initial flame that appeared at the 12 to 1 o'clock
position on the exhaust collector ring did not show in the printed fig-
ure. In figure 38(d) is shown the flame after it propagated to the

11 o'clock position. .At 4.2 seconds fire detector thermocouples first
registered over the broad zone indicated in figure 38(c). Failure of
the fire detection thermocouple to register at the 1 o'clock position on
the exhaust collector ring where the fire first appeared before 4.2 sec-
onds is-attributed to wetting by the water spray. Instrumentation which
recorded the actuation times of the inerting system components showed
that they functioned properly. Therefore, the unprotected exhaust
collector ring is the most probable ignition source, which is consistent
with the visual evidence. Migration of the fuel mist to the inboard side
of the nacelle in order for ignition to ocecur was- required by the fact
that the top of the outboard segment of -the exhaust collector ring was.
under water spray, protection. That the fuel mist did extend to the-
inboard. side of- the nacelle is evidenced by the flame showing around the
nacelle on the inboard side in the photograph of flgure 38(e), taken
immediately after ignition.-
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~ On the left side of this. airplane the engine. remained. in place but .
fire was ignited by exhaust flames that were described under the. section
on the mechanism of fuel-mlst development ‘shown in . figures lz(a) to i
12(d). "The exhaust flames that were observed were - prov1ded by. the ;burn-
ing of the fire extinguishing agent employed in the engine 1nduction :
system. = The .agent 1n ‘this case was bromochloromethane CHzBrCl) known -

as CB. - This material decomposes thermally at the temperatures of the
engine exhaust system metal and some of the decomposition fragments
released will burn in air. - Photographs of this .agent burning-.on the
surface of a heated section of. exhaust stack is shown ‘in:figures 39(a) .
and 39(b) In normal- application during fire extinguishment enough .CB -
'1s employed to provide an -inerting:atmosphere. around the ‘decomposition
products and their ignition does not occur. .In a.crash, unfortunately, *°
there can-be no control of the quantity of extinguishing -agent passing .
: through the engine because ‘the displacement of the pistons meters the -
extinguishing agent throughput according to.the.engine:rotational speed
and the current throttle setting of the. damaged engine, mneither..of which -
can be specified in a crash. - Although high concentrations of CB were

provided at the engine inlet of .the. crashed airplane, the quantity passed
through the engine was small enough to allow a sufficient residence time -

in the high-temperature environment:of the exhaust disposal system to -
decompose- thermally. Upon-contact with the-air at the tail-pipe: ex1t
the decomposition products ignited -to prov1de the series -of. exhaust
flames. shown in figures lz(a) to. 12(d) . v S

Halocarbons 1nvolv1ng bromine and fluorine, in which complete sub-

stitution of. hydrogen is obtalned would represent satisfactory fire .
extinguishing agents for engine inlet "inerting because their -decomposi-
tion products do not burn.at engine metal temperature. Compounds-in

this class include trifluorobromomethane CEEFS and difluorodibromomethare -

CBrze, which- have recently become available 1n restrlcted quantlties
After the first crash in: thls series, the water spray system was
mounted to remain: with the exhaust disposal system should the engine be

displaced and .carbon dioxide was employed at the engine inlet “because it =

does not decompose appreciably: at. engine .exhaust temperatures. :In the -
next six crashes, one ignition occurred which.was by the movement .of

fuel through the hot-air duct: to the exhaust gas heat exchangerw‘WThis SR

fire was-described -in. the:. dlscuss1on of liquid fuel spillage. ‘This

result called attentlon to .the need- for more careful distribution of the

water spray in the heat exchanger and the desirability ‘of a safety gate '
in the hot air duct.  The appearance of.the. otheér five ‘erashed aitplanes :
carrying the- inerting. system-after. coming. to:rest ‘is .shown: in figure 40,

The only visible evidence of:.the presence of.the- inerting system was the .~
volume of .water vapor issuing: from the nacelle. -:On humid, days, the ‘con- -

densed water vapor persisted:in the- atmosphere long enough to have the
appearance. shown in some of:the photographs.t;' Tt i -
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Ground Lodpil:'

After flve crashes in which no flres ‘were obtalned and Do new igni-
tion ‘sources were observed, modifications ‘to the crash barrier were
employed in an-effort to reveal new mechanlsms of crash fire injitiation.
In one icrash, a ground loop was imposed on the crashed airplane by allow-
ing the right wheel and left wing to pass through the crash barrier with-
out damage:- This was done by removing the abutment on the right. s1de of
the airplane and the poles on the left side. The airplane, with known.
ignition sources inerted as before, ground looped as desired, taking on
the successive-attitudes shown in figures 41(a) to 4i(g). In éxecuting
the ground:loop, the: a1rplane exposed the long axis of" the nacelle and
fuselage to the fuel mist generated at the leading edge of the right wing
and increased-the“interception of the fuel by these airplane members over
that- obtained'when ground looping does not- occur. Displacement of the »
fuel mist toward the nacelle on the rlght is promoted by the large span-
wise ‘component of the-relative wind in the dlrectlon of the nacelle
accompanying the yawed attitude- of the a1rplane in the ground- loop
maneuver. No new ignition-sources were ‘revealed, however, and fire did
not occur. - S : a

High-Cont’acvt—'Angle' Crash

In order to determine whether or not ignition sources are created by
the mechanical rending of the aircraft structure in a severe impact,
another crash was conducted in which a 16° contact angle between the air-
plane and the ground occurred. -The ground beyond the crash barrier, on
which the: airplane -comes to rest, was sloped and hollowed to give the
desired angle of contact. A photograph of the crash area arranged for
this crash. is. shown’in figure 42. ‘- The crash barrler was malntalned in
its standard configuration with two abutments and poles’ for the w1ng
tank. on'both sides of  the-airplane.- The known ignition sources were
inerted in-"the usual manner. The marked damage to the forestructure of
the airplane upon impact with-the ground is evident in f1gure 43 taken.
0.72 second afteéer ‘impact with-the barrler. Extensive coverage ‘of thé-
airplane-with fuel did occur as ‘'shown in f1gures 16(a) " and 16(b), which
are photographs of the fuel mist development experlenced in this crash
Because of -the time lag associated with the movement of” fuel out of the
tanks, the time*of “the maximum forward surge of the’ fuel ‘follows the .
period of ‘peak airplaneé deceleration by 1.1 seconds, - No ignition of the
fuel occurred around the deforming structure, indicating the absence of
ignition sources of sufficient duration to ignite the fuel, in thls
instance. Ignition sources covered by~ ‘the 1nert1ng system were. 1nact1ve
in spite -of the ‘severe nacelle damage sustalned " As the alrplane slowed
to rest, however, the left wheel strut tumbling through air behind the
airplane.(fig. 44(a)): ignited’the fuel in the airplane's wake when the
strut approached the ground approximately 60 feet behind the left wing
(fig. 44(b)). The fire moved through the fuel mist and liquid fuel on
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the ground (fig. 44(c)), toward the airplane where ignition of the fuel
in the wings exploded both wings (fig. 44(d)). The flame propagation
rate through the fuel mist around the airplane was determined as 15 feet
per second with a 30-f06t3per-second tail wind, .giving a net .speed -of .
45 feet per second (fig. 45).. The large column of fuel mist suspended:
in the air is evident from thé volume.of fire shown.in figure 44(d)..

From inspection of the terrain in the crash area and .inspection of -
the wheel strut assembly, it was concluded that the ignition source was
neither friction sparks nor diegql.ignitipn of the hydraulic fluid in
the wheel strut; however, ihvestigaﬁion of the electrostatic charge .
collection on the wheel strut assembly by friction with the dust and the
fuel mist in the airplane wake showed that the ignition in this case was
most likely produced byAélectrostatic discharge from the strut.to the .
ground. These studies were made with the same wheel and .strut,:elec-
trically insulated from the supports as shown in figure 46. : Air was
blown over the wheel and strut assembly by the blower shown in-the fig-
ure and dust was metered into the air stream. - A dust flow.rate of - . :
400 grams per second with an airspeed.of 45 miles per hour. past the strut
generated 1500 volts, sufficient to produce sparks capable of fuel. igni- .
tion in less than 1/2 second (fig. 47). In the crash, the wheel and
strut traveled through the air at 43 miles per hour for 1 second, bounced
on the rubber tire, and then traveled through the air for another
l-second period at approximately the same speed.

In summary, of all the:ignition sources .observed during this inves- -
tigation, 41 percent would have been eliminated by induction system .
inerting and fuel shut-off; 41 percent would have been eliminated by
inerting ‘and ‘cooling of the hot exhaust system metal; and- 14 percent, -
by the de-energization of thelelectrical system. However, if.only
part of theé inerting system ¢omponents.werexused,*these-percentages
‘would change materially because the combustible would move to the
next available ignition source. This is. demonstrated in the case of :the
test illustrated by figure 38. In this case the electrical system was
de-energized, the induction system was. inerted, and the fuel to the
engine was shut off. However, the exhaust cooling system pulled away
from the exhaust system and did not function. Under these circumstances, .
the fuel mist spread until it bontacted,thexhot'exhaust system. and . -
ignited., Caution must thus be used in evaluating the effectiveness of.
the inerting system when only portiops of the system are used. . Undoubt-
edly in some crash circumstances benefits could be derived by the use

of ‘only parts of the inerting system.

The crash-fire program with'quified aircraft - is continuing to
explore further the possibility of fire mechanisms not revealed by the
studies conducted so far. The immediate effort isxrelated-to<the,rplef
ignition sources generated by friction between. the sliding airplane’ and:

a concrete pavement may play in.starting a crash fire. .
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FIRE DEVELOPMENT

The progress of the fire following ignition of the fuel has some
aspects which are common to all crash fires and others which depend on
the distribution of the fuel spillage preceding ignition, the wind magni-
tude and direction, the slope of the ground on which the airplane comes
to rest, and the location of the opening in the fuel system from which
the fuel issues. A complete description of the progress of crash fire
as it is influenced by ,all of these factors and the configuration the
airplane assumes in the crash cannot be attempted here. A discussion
of some of the main events observed to occur in the crash fires studied
will be given, however, in which some of the factors influencing the
development of the fire are considered.

In a crash, the fuel system may be broken open by impact between the
airplane and obstacles such as trees, posts, boulders, etc. which rip
holes in tanks, by hydraulic forces generated by the surging fuel con-
tained in the tanks of the decelerating airplane, by flying debris
released in the crash, particularly propeller blades, which may cut fuel
lines (fig. 48) and strainers or pierce fuel tanks (fig. 49), and by the
relative displacement of airplane components, as for example, the parting
of an engine from its mounts snapping the carburetor fuel line. Fuel
lines, likewise, may be burned through by oil, hydraulic fluid, or
alcohol fires. Because there is usually a continuous path of fuel in
liquid, mist, or vapor form from the point of spillage to an ignition
source, the fire moves from the ignition source back to the fuel system
rupture from which the fuel issues. This step in the propagation of
fuel fire is common to all crashes. The fire burns at the opening from
which the fuel issues and ignites the fuel as it leaves. The column of
fire shown in figure 50, for example, is ignited fuel pouring from the
wing. The fire at the fuel system leak enlarges the opening and tends,
thereby, to increase the fuel efflux rate.

When wing fuel tanks are ruptured, combustible concentrations of
fuel vapor often accumulate in the voids around the tanks. Under these
circumstances, a wing explosion occurs when the fire reaches the wing.

A picture of such a wing explosion was shown in figure 51. The wing
skin is generally stripped off to the wing tips. A marked acceleration
in the development of the fire accompanies such explosions because of
the broad distribution of the wing tank fuel that results. A typical
example of such accelerated fire development followed the wing explosion
of figure 51. In 0.7 second following the explosion, the fire had the
appearance shown in figure 52.

Fire often burns within the wing without explosion. 'In this case,
the burning rate is governed by ‘the air flowing into the wing. Because
of the limitation on available air, the internal wing fire is often of
modest proportions and ‘tends to locate near the vents through which the
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air enters. The extent of one internal wing fire, determined by a grid
of thermocouples located in the wing, 1s shown in figure 52 as the solid
area. The limited size of the fire is in contrast to the extent of the
fire around the wing shown as the crosshatched area of the same figure.

In the first few seconds following ignition, the fire propagetion
also occurs through all of the fuel spilled previous to ignition. The
fuel suspended in the air as mist ignites and the fire spreads with
lineal flame propagation speeds up to approximately 70 feet per second.
The flame speed through the fuel on the ground along the skid paths of
the airplane and on the wetted airplane surfaces is somewhat reduced
over that obtained through fuel mist, particularly if the propagation is
against the wind. Two photographs taken of the flame movement through
the fuel on the ground behind the airplane 0.9 and 4.0 seconds after
ignition are shown in figures 54(a) and 54(b), respectively. The flame
speed in this case is approximately 13 feet per second. The fire spread
along the fuel-wetted surfaces of the airplane wings, fuselage, and
tailbooms occurs in a manner similar to the ground-fire spread.

If ignition occurs while appreciable fuel is suspended in the air as
mist, the heat released from its combustion often represents most of the
total heat release in the early phase of the fire. Because the fuel in
the mist is dispersed through a large volume of air, each droplet is
surrounded by a sufficient quantity of air to burn a significant portion
of the droplet. The fuel mist is consumed rapidly, therefore, and seldom
persists for more than 20 seconds. The fuel mist fire at its early
development, shown in figure 55(a), 3.0 seconds after ignition, appears
as a solid wall of flame extending 45 feet behind and 65 feet above the
airplane. The heated fuel mist rises as it burns. The heat radiated
to the airplane from burning fuel mist lessens rapidly as -the fuel mist
rises and acquires at the same time an envelope of opaque black smoke
characteristic of petroleum fuels (such as gasoline) burning in the open
air. In this phase the mist fire has the appearance shown in fig-
ure 55(b), 5.3 seconds after ignition. The burning core of the mist,
visible in the figure, is the last to burn out leaving the fuel evapor-
ating from the wetted surface of the airplane and the ground to continue
the fire as shown in the photograph of figure 55(c).

Of the fuel spilled on the ground, a large portion soaks rapidly
into dry unfrozen soil. When the crash takes place on sloping ground,
as in the studies conducted here, the pools of fuel that collect are
quite shallow and only during the first few minutes after the crash are
there appreciable quantities of liquid fuel exposed in the airplane
slide path to provide combustible vapors in large quantities. These
vapors rise and burn to form a column continuous with the burning fuel-
mist mass. The lower portion of the towering column of smoke and fire
shown in figure 55(c) is provided by this vaporized fuel. Some of the
fuel that soaked into the ground released vapors at a sufficient rate in
hot environment of the fire to maintain small fires that burn close to
the ground (fig. 55(4)). ‘
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Following the initial rapid consumption of the fuel that is spilled
on the ground and suspended in the air while the crashed airplane is in
motion, the fire shrinks to the zones adjacent to the airplane with a
marked reduction in the heat radiated to the surroundings. Close
approach to the burning airplane can now be made by normslly clothed
personnel. At this stage, the fire on the outside of the airplane is
fed by fuel pouring from the damaged tanks and seeping through the seams
of the lower surfaces of the wings, by oil :from the fire-damaged, or
mechanically damaged, lubricating system, by hydraulic fluids from the
brake and wheel strut actuating system, by the aluminum skin and struc-
ture, fabric skin, and the magnesium engine parts. The oil fires lie
close to the engine nacelle where the oil distribution system and tanks
are located. Once ignited, the magnesium engine parts continue to burn
with the characteristic blue-white flame even after the surrounding fuel
or oil fire subsides (fig. 56). The aluminum parts, particularly the
skin, ignite early in the fire. Flakes of aluminum.oxide can be observed
being carried aloft in the rising currents of air above the fire. Close
to the fire these flakes are incandescent. As they cool in the rising
air, they acquire a gray-white color. On the ground close to the fire,
rivulets of molten aluminum form and flow by gravity to cooler zones
where they solidify.

After the flash fire that spreads through the fuel spilled previous
to ignition burns out and the fire is localized in the immediate area ‘of
the airplane, the relatively slow propagation of the fire provided by
ignited fuel pouring to the ground and through the wing structure becomes
apparent. This burning fuel, running by gravity, spreads the fire to
areas not wetted by fuel in the initial fuel spillage while the alrplane
was in motion. If the ground slopes downward from the wings to the tail,
this burning fuel will flow on the ground along the outside of the pas-
senger compartment of the fuselage. Contact between the fuselage skin
on the ground and this fuel may occur depending on the direction taken by.
small ground grooves and sinuous channels. Such grooves and channels are
formed by vegetation and soil erosion usually present on the ground or
are plowed by the dangling airplane parts, such as propeller blades or
broken wheel struts. The distance this ground-flowing fuel will extend
from the fuel tank source in these grooves and channels depends largely
on the fuel flow rate and the rate of ground absorption of the fuel. The
fuel fire spread in this way is maintained for many minutes, fed con-
tinuously by the fuel pouring from the tanks. Burn-through of the fuse-
lage skin is almost a certainty if contact between fuel stream and fuse-
lage occurs. Loss of the skin by fire burning from fuel streams that
extend parallel to the fuselage without contact can occur if the local
wind bends the flames to lick against the fuselage skin in the manner
shown in figure 57. If the ground slopes downward toward the nose of the
airplane, the fuel flows away from the passenger section of the fuselage
and fire destruction of this member does not occur by the mechanism just
described.
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The airplane fire reaches several secondary peak intensities before
it finally burns out. Barring explosions, the first of these peaks
usually occurs when the fire burning at the fuel tanks enlarges the
openings from which the fuel issues or opens undamaged tanks and
increases the rate of fuel spillage. Such enlargement of the fuel-tank
openings or burn-through of otherwise intact tanks, below the fuel
level, will occur sooner with bladder-type tanks than with metal tanks
which have good thermal conductivity. The cooling provided by the fuel
in the tank retards burning of the tank walls. Wing explosions are
usually followed by a marked resurgence of the fire because of the
associated fuel scattering (figs. 51 and 52). Such explosions may occur
when the fire first propagates to the wing from the point of ignition or
after the wing fire has been in progress. Exploding elements of the
hydraulic system such as wheel struts softened in the-heat of the fire
will s?ri?d flaming hydraulic fluid with spectacular effect (figs. 58(a)
and 58(b)).

When the fire burns through the fuselage skin and the combustibles
within are made available, the fire development achieves another peak.
Exploding hydraulic system accumulators add the hydraulic fluid to this"
fire and promote its spread inside the fuselage. The fire within the
fuselage burns slowly at first if the fuselage is essentially intact and
limited combustion air is available. At this time large volumes of
smoke, representing condensed and partially burned hydraulic oil vapors
and other volatile materials, are often observed issuing from the fuse-
lage, as shown in figure 59(a). As the fuselage skin is consumed in the
fire, access for additional air develops with a corresponding further
fire development. When a large hole burns through the skin at the top
of the fuselage, the air flow is further promoted by chimney action.

The fuselage fire attains its peak at this time. A view of the fuselage
fire (fig. 59(b)) shows the combustible smoke that issued earlier from
the fuselage (fig. 59(a)) burning with a bright flame. The appearance
of flame at the door frame shows the fuselage being consumed by fire
from within.

The last fires to burn out are often these from burning fuel that
runs under the airplane fuselage where it burns slowly with restricted
air supply, oil fires around the oil tank and nacelle, fires from the
magnesium engine parts, and the rubber tires of the landing wheels.

Progressive collapse of the main airplane structure not damaged in
the crash impact occurs in the fire as main supporting elements are
burned, melted, or softened by the heat. Structural elements melted in
the fire show the sharp-edged and pointed stalactites of fused aluminum
illustrated in figure 63. Typical of structural collapse by fire is the
failure of the tailboom shown in figure 64.

At times, with fuel spillage on both sides of the crashed airplane,
fuel ignition occurs on one side only. Cross-over of the fire from one
side to the other appears to be possible through the canopy of fuel mist
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that often forms above and slightly behind the crashed airplane although
it has not been observed in. the crashes conducted so far. The conditions
necessary for a cross-over of fire through the fuel mist are shown in
figure 60; however, in this case cross-over did not occur because of the
rapid development of the fire on the left side of the airplane. A map

of the progress of this fire during the first second following ignition
as the flame propagates from the right nacelle towards the left side of
the airplane is shown in figure 65. The family of curves in the figure
represents the outline of the fire in O.l-second intervals, starting at
the right nacelle and later at the left engine tail pipe. These data
show an average vertical rate of propagation of the fire of 60 feet per
second and a uniform horizontal rate of 25 feet per second over the
0.6-second period covered by these data. Explosion of both wings
occurred just as this flame pattern was established and produced the fire
shown in figure 61.

Cross-over of fire did take place, however, along the liquid fuel
path left in the trail of the crashed airplane and on the airplane
itself. In one crash of an airplane carrying fuel of low volatility
(8 mn Hg Reid vapor pressure) fire occurred on the left side, as shown
in figure 19(c). The fire, as it appeared on the right side as the air-
plane came to rest, is shown in figure 62. Only the fabric of the
empennage control surfaces, ignited by the fuel mist flash fire, is burn-
ing on this side. Fire traveled to the right side of the airplane along
the rivulet of fuel running from the right wing tanks downhill to the
fire burning in the skid path of the airplane on the left side 60 feet
behind the airplane empennage. The fire that moved along this fuel
rivulet on the ground is shown in the succession of photographs in fig-
ures 66(a) to 66(d). The right wing became involved in the fire
approximately 107 seconds after the crash. That propagation of the fire
forward through the thin mist of low-volatile fuel suspended in the air
on the right side of the airplane did not occur is probably related to
the relative advantage low-volatility fuel confers under these circum-
stances as shown by the data of figure 22 on maximum distance from the
mist source for upwind flame propagation.

The history of the crash fires obtained with fuel of low volatility
were identical to those involving gasoline. The large heat release from
the burning fuel mist raised the temperature in the airplane zone and
differences in fuel volatility measured at normal atmospheric tempera-
ture were no longer significant in this high-temperature environment.

In crash fires with fuels of low volatility in which large masses of
burning fuel mist are not involved, some advantage in the rate of fire
spread may be gained in the early phase of the fire. Once the fire
propagates back to the source of the fuel and ignites the fuel as it is
released from the fuel system, then the rate of fire development depends
primarily on the fuel spillage rate, with fuel volatility being of
secondary importance.
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The course of the crash fire described is related to those fires in-
volving fuel spilled in the manner imposed in these full-scale studies.
Except for the early fire through the fuel mist and fuel on the ground
in the skid path of the crashed airplane, however, the development of
the fire described is similar in main events to transport crash fires
recently observed in which little fuel spillage preceded ignition.

CORCLUDING REMARKS

It is evident from the manner in which these full-scale crash studies
were conducted that no evaluation can be made of the relative frequency
with which the various ignition sources will serve to initiate fires in
crashes that occur in civil and military operations. Such information
must come from airplane operational experience, with great doubt always
Present because of the inaccuracy of observations on the initiation of
the crash fire. In view of the diversity of ignition sources revealed
by this crash study with a given airplane and fixed experimental crash
conditions, it is difficult to make such a comparative evaluation even
if the obstacles and nature of the terrain involved in the airplane
crash are specified. If a detailed description of the airplane damage
could be specified, however, along with the order in which the damage
was imposed, the state of the airplane motions, the wind, and the contour
of the crash site, some approximation to the relative likelihood of a
particular ignition source initiating the fire could be made on the basis
of the information obtained from this crash study.

The same observations apply to an evaluation of the margin of crash-
fire safety the use of fuels of low volatility will provide as compared
with the use of gasoline in the airplane. These crash-fire studies
served only to demonstrate some of the circumstances under which fuel
volatility does not matter in fire initiation and indicated the possi-
bility of other conditions for ignition that would not be influenced by
fuel volatility. The relative frequency with which these circumstances
appear in actual crashes cannot be estimated on the basis of this work
with a sufficient order of accuracy to obtain a meaningful estimate of
the value of fuels of low volatility in reducing the crash-fire hazard.
Some little significance may be attached to the fact that, of four air-
Planes crashed with low-volatility fuel, two did not burn whereas fires
were obtained with almost all (six out of seven) airplanes crashed with
gasoline when ignition source inerting was not employed. However, in
one of the crashes with low-volatility fuel in which no fire occurred,
both engines were ripped from their mounts at the crash barrier and did
not spend a sufficient time in the fuel mist behind the airplane to pro-
vide an ignition on the exposed hot exhaust collector rings. The fuel
of low volatility has a spontaneous ignition temperature equal to, or
slightly less than, aviation grade gasoline. A surface hot enough to
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ignite gasoline in a given contact time could certainly ignite the low-
volatility fuel in the same time. It is believed that fuel volatility
was not the factor determining whether or not fire did occur in this
case. In the second of the crashes with low-volatility fuel in which no
fire occurred, the engine ignition was cut while the alrplane was in its
full-power taxi run 2 seconds before reaching the crash barrier. Little
nacelle damage occurred because the propellers struck the barrier at
reduced speed and no engine power. A small oil fire appeared in the left
nacelle from lubricating oil burning on the exhaust collector ring. No
other combustible spillage occurred within the nacelle. The nacelle
cowl was intact. The quantity of oil involved in the fire was quite
small and the fire did not appear outside of the nacelle except for a

brief flash l%‘seconds after crash on the inboard side of the left

nacelle. At this time the airplane was moving too fast for the fuel to
extend from the wing tank rupture to the inboard side of the nacelles.
Because it is difficult to determine from the motion pictures whether
or not the fuel ever did extend to the nacelle and because the fuel does
not have sufficient vapor pressure to be detected by the combustible

- vapor detectors, it cannot be stated with certainty that no fire would
have occurred if gasoline had been used in this crash. Some advantage
from the use of low-volatility fuel may be indicated in this case. The
results obtained in this crash study indicate that the use of low-
volatility fuel by itself does not represent a wholly acceptable solu-
tion to the crash-fire problem.

The modes of fuel distribution to ignition sources in a crash
revealed in this study indicate that with regard to fuel spillage in
liquid form some crash-fire safety can be provided in airplane design.
Any feature of wing design promotes crash-fire safety that effectively
impedes the flow of wing-spilled fuel toward the engine nacelle and
wheel well and provides for the drainage of this fuel at some relatively
safe location at the trailing edge. Fuel rumning by wetting conduction
likewise is effectively intercepted by any pronounced chordwise ridge or
crease in the lower wing skin which serves as a drip fence (fig. 67).

It is unfortunate from that standpoint of crash-fire safety that such
discontinuities in the wing surface do not appear in normal wing con-
struction. Wing tanks currently under development, which do not burst
under the hydraulic loading experienced in a crash, will obviously
eliminate the possibility of crash fire by fuel spillage within the wing.

In crashes in which the wing tanks are pierced by posts or equiva-
lent objects, however, fuel spillage will occur regardless of the
material of construction of the fuel tank and the method of its support.
Because the fuel mist generated when this type of fuel system damage is
imposed represents such a serious fire hazard, any measure which impedes
the flow of the fuel through the tank breach lessens the fire danger.
The fuel flow impeding action desired should be equivalent to that which
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would be obtained if the fuel tanks were divided into small intercon-
nected cells. From the standpoint of the hazard of fuel mist ignition,
the greater the distance spanwise, aft, and down the fuel is stored
with respect to the engine the lower the likelihood of contact between
fuel mist and ignition sources at the nacelle. The total storage of
fuel in pod tanks suspended below the wing at a station 10 feet or more
spanwise from the engine nacelle would lessen the likelihood of fuel
mist spread to the nacelle in a crash. Flow of the liquid fuel through
the wing structure or by wetting conduction is avoided with this type of
fuel storage.

The role that electrostatic charge accumulated on parts of a crash
airplane plays in setting a firé, as revealed in this study, may explain
the origin of some of the fires started in the wake of crashed airplanes
on airport runways. Reports of such fires attributed them to friction
sparks. Electrostatic discharge from debris trailing the airplane may
represent another ignition means for these fires. Currently available
paints which give some protection against electrostatic charge accumula-
tion may provide effective control of this fire hazard when applied to
those lower members of the airplane likely to be separated in a crash.
Because little electrostatic charge is accumulated by blowing dust when
the relative humidity is above 70 percent, fire from this source is more
likely to occur on clear dry days than on humid days. Crash landings
on damp ground or ground well covered by green vegetation where little
dust is raised around the skidding airplane should be relatively safe
from ignition by dust-generated electrostatic discharge. When suffi-
cient time is available light wetting down of an airfield site where a
difficult landing is to be made is a good precautionary measure.

The action a pilot may take just previous to crash to lessen the
likelihood of fire depends on the circumstance of the pending crash.
Certainly, the less fuel carried by the airplane into the crash, the
smaller the probability of fire. Experience gained in this crash-fire
study indicates that in the event that a crash is likely, the engine
fuel valve should be closed rather than the engine ignition turned off.
There is no assurance that fuel flowing through an engine will not ignite
if the engine ignition system is turned off. Hot cylinder-valve com-
ponents or the exhaust disposal system can provide the ignition which may
result in a flame from the engine induction system inlet or exhaust
system tail pipe. Evidence that such ignition does occur appeared in
the crash previously described in which the engine switch was turned
off 2 seconds before crash impact. Immediately after the ignition
switches were turned off, a sequence of exhaust flames appeared, one of
which is shown in figure 7(c). At 2.2 seconds after impact the flames
shown in figure 7(b) were observed at the engine induction system inlet.:
It appears more desirable, rather, to close the engine fuel wvalve before -
crash with the engine ignition system operative. By these arrangements, -
the fuel that dribbles into the engine burns in the normal way in the '
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engine cylinder with less chance for producing undesirable exhaust or
engine inlet flames. Several revolutions of the engine usually suffice
to exhaust the fuel in the engine induction system and, from then on,
the engine ingests only air. If time permits after the available engine
fuel is exhausted, engine ignition shut-off may provide an extra margin
of safety. Modern aircraft engine ignition systems are so well pro-
tected by the engine parts that damage to the system while the engine is
rotating and driving the magnetos does not appear very probable. When
fuel shut-off cannot be achieved prior to crash, then turning off the
engine ignition may be desirable in order that the propeller impact with
the ground takes place at reduced engine speed and power. In this way
extensive destruction of the engine nacelle may be prevented and a cor-
responding reduction in the number of exposed ignition sources may be
realized. The likelihood of fuel and oil lines within the nacelle being
broken is also lessened.

The approach to a hazardous landing should be made with only those -
portions of the electric circuit energized that are required for air-
plane operation. In order to maintain the exhaust system below the
ignition temperature of fuel and oil, the approach should be made at as
low an engine power as possible consistent with other safety considera-
tions and with the cowl flaps open wide. The hazard of fuel ignition
by electrostatic or friction sparks is lessened if the landing can be
made along a grass-covered strip parallel and adjacent to a paved run-
way. Airport crash-accident equipment can move to the airplane along
the adjacent paved runway. The flight fire system should be discharged
into the nacelle a few seconds after touchdown to provide a small
additional margin of safety. Less damage to the nacelle will occur if
the propellers are left in the unfeathered rather than in the feathered
position.-

In view of the effective protection provided by the water spray on
the hot components of the exhaust system the question naturally arises
concerning the value of employing the fire-extinguishing agents, carried
for flight fires, to reduce the likelihood of fire in a crash. Pre-
liminary estimates indicate that the quantities of extinguishing agent
carried in flight fire systems can provide a significant measure of
protection in a crash when properly employed. As in the case of the
water spray, the fire-extinguishing agent should be applied directly to
the hot metal parts by means of a distribution system comparable with
that used in the water spray system. In this way cooling of the exhaust
system by evaporation and decomposition of the agent is promoted and
effective inerting of the adjacent atmosphere is accomplished. The
quantity of agent from the flight fire system would be adequate to inert
the exhaust system for the time period that is most hazardous if a dis-
tribution system could be designed that would confine the agent to a
layer around the collector ring of approximately 1/8‘inch thick. Such
a distribution system would probably hgve the general appearance of that
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employed by the water system. The extinguishing agent should be metered
to give a continuous flow for 25 seconds from the moment of crash

impact. The 25-second interval covers the hazardous period when the
airplane is in motion following crash and fuel is spread by the methods
discussed, and the brief period after the airplane comes to rest when

the fuel mist is being cleared by the wind. Unless the fire-extinguishing
agent has a sufficient heat of vaporization to cool the hot surfaces to
safe temperatures, however, a residual ignition hazard exists with the
fuel flowing through the airplane structure and by wetting conduction

and accumulated fuel vapors. A modest amount of water, carried separately,
discharged with the extinguishing agent through the same distribution
system may provide the necessary additional cooling. Further study is
required to establish effective cambinations of extinguishing agent and
water, or other liquids, that may be employed. Methods that may be
studied for maintaining the water in liquid form at reduced atmospheric
temperatures include the use of highly water-soluble materials like

salts and ammonia, and engine heat.

Lewis Flight Propulsion Laboratory
National Advisory Committee for Aeronautics
Cleveland, Ohio
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SYNOPSIS

A review of the literature and accident records on aircraft crash
fires indicated the need for experimental work in this field with modern
fuels and aircraft powered with reciprocating and turbine engines.
Because human survival of crash impact is most likely in the landing and
take-off accidents, the study of the fire that often follows such acci-
dents was taken to be the most fruitful area of research in this field.

The information obtained in this study on the mechanism of the
crash fire is intended to serve as a factual background on which improve-
ment in airplane crashworthiness may be based. The crash-fire problem
was studied by conducting full-scale crashes with twin-engine cargo air-
craft (provided by the U. S. Air Force (figs. 1 and 2)) fully instru-
mented to record significant data in the crash and fire that follows
regarding fuel spillage, combustible-vapor distribution in areas adja-
cent to potential ignition sources, locations and timing of electrical-

- system ignition sources, fire incidence and progression, temperatures

and toxic-gas concentrations in personnel compartments, and the decelera-
tions the several main components of the airplane undergo in the crash.
High-speed motion pictures of the crash were obtained which revealed
many of the details of the mechanism of the crash fire. Several of the
factors observed to be significant in the full-scale crash phase of this
work were studied in detail under simulated crash circumstances. Only
the work done on aircraft with reciprocating engines is sufficiently
complete at this time to be reported herein. The data obtained on air-
plane decelerations, airplane cabin temperatures, and toxic gases durlng
fire will be reported separately.

The arrangements for conducting the full-scale crash study are shown

in figure 4(a). The monorail in the foreground guided the airplane,
which was accelerated from rest under its own power, to the obstructions
shown in the middle of the figure. Airplane speed upon impact with these
obstructions ranged from 80 to 100 miles per hour. The abutments in the
path of the landing wheels stripped the landing gear from the airplane.
The height of the abutments was adjusted to permit the striking air-
plane propellers to produce extensive nacelle damage short of breaking
out the engine. In this way the generation of ignition sources by the
engine was promoted. Poles arranged to rip into the wing leading edges
and wing fuel tanks about S feet outboard of the nacelles produced fuel
spillage that was distributed extensively around the crashed airplane.
The progressive damage to the alrplane at the crash barrier is illus-
trated schematically in figures 4(b) to 4(d). Each airplane carried
1050 gallons of gasoline or low-volatility fuel described in table I.
The fuel was usually dyed red to improve its photography in color.
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Ingquiry into the mechanism of the crash fire centers on the answer
to two questions: How and when do ignition sources appear in the air-
plane crash, and how does the fuel come into éontact with the ignition
sources? The ignition sources revealed in this study are those which
are familiar from experience in normal operations and other technical
fields. These ignition sources are tabulated in column 1 of table II
along with the time of their appearance after crash impact (column 2).

In these crashes the fuel was observed to spill in liquid form from
broken fuel lines and tanks, as premixed fuel vapor and air from the
damaged engine induction systems, and as fuel mist around the airplane
when the spillage appears on the outside of the airplane while it is in
motion. In the latter case, the pressure and viscous forces of the air
on the fuel rip it to mist that moves with air around the airplane. 1In
the crash arrangements employed in this study, liquid and mist spillage
occurred in every crash and carburetted fuel spillage from the engine
induction system in only a few cases. These latter instances, however,
were sufficient to reveal how such spillage serves to initiate a fire.

The fuel that spills to the open air through the breach in the
leading edge of the wing can attain appreciable spanwise spread as mist
forward of the leading edge of the wing and reach ignition sources loca-
ted around the nacelle. As the airplane decelerates in the crash, the
fuel opposite the breach in the tank has a speed which is greater than
the existing airplane speed. The fuel surges forward through the breach
in the tank and is atomized by the air. The air forces which atomize
the fuel to mist also impart a spanwise velocity component to the fuel
droplets. As this spanwise velocity component is acquired, the forward
velocity declines. If the airplane is moving rapidly, the airplane
moves by the spreading pattern of fuel mist before the mist has an appre-
ciable time to spread .spanwise. If the airplane moves slowly, the fuel
mist attains significant spanwise extension around the airplane and con-
tact with ignition sources at the nacelle is likely.

The combination of reduced airplane speed and high airplane decel-
eration represents the conditions of airplane motion most hazardous from
the standpoint of fuel mist ignition at the nacelle. A comparison of
the small spanwise distribution of the fuel obtained when the airplane
speed is high and the deceleration is low (fig. 17(a)) with the large
fuel mist spanwise development forward of the wing leading edge obtained
at low airplane speed and high deceleration (figs. 16(a) and 16(b)) shows
these effects clearly ' -

Because a few seconds are required for the airplane to slow from its
high speed at crash impact, contact between the fuel mist and ignition
sources of the nacelle occurs several seconds after impact. An example
of this time delay required for fuel mist contact is given in figure 12,
which shows a series of exhaust flames issuing from the engine tail pipe
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during the airplane slide from the crash barrier to near rest when igni-
tion of the gasoline mist occurred at the engine tail pipe (fig. 12(d)).
Ignition of the gasoline mist by the hot exhaust collector ring,
involving a similar time delay, is shown in figure 38(d).

The substitution of low-volatility fuel for gasoline does not mater-
ially reduce the likelihood of ignition when contact between the fuel
mist and a potent ignition occurs. The ignition of the mist of low-
volatility fuel at the engine tail pipe is shown in figure 19. The large
fuel mist fire on the left side of the airplane (fig. 19(b)) followed the

ignition l% seconds earlier in figure 19(a). These results indicate that

fuel of low volatility will ignite and burn readily when dispersed as
mist, and their adoption for reciprocating engines alone would not repre-
sent a wholly acceptable solution to the crash-fire problem.

Because the fuel mists are airborne, they persist in the air around
the crashed airplane for a time which varies inversely as the wind speed
(fig. 11). Fuel mists in ignitible concentrations seldom persist around
the airplane for more than 17 seconds after the airplane comes to rest.
If a tail wind sweeps the mist from the crash area, the likelihood of
ignition is momentarily increased as the dense portions of the fuel mist
are swept over the nacelle by the wind. Because of the large error inher-
ent in making a visual estimate of the persistence time of the fuel mist
in the neighborhood of the airplane it was not possible to evaluate the
effect of fuel volatility on this persistence time. Fuel vapors associa-
ted with the mist will move with the wind approximately as the smaller
mist droplets and may have a persistence time a few seconds greater than
the bulk mist.

Transitions from fuel mist spillage to spillage in liquid form in the
open air takes place as the airplane slows to rest. Because of the high
rate of air dilution provided by normal air movement in the open, combus-
tible concentrations of gasoline vapors appear only close to the fuel
spillage in strata that lie close to the ground. Where protection from
wind is obtained by vegetation, ground channel or ditches, or ~components
of the crashed airplane, a marked increase in ignition hazard ‘distance
from the liquid spillage exists. In general, however, the likelihood of
ignition of vapors from liquid pools of gasoline in the open air does not
appear significant unless the ignition source lies within a few inches
of the ground. Except for burning droplets of o0il dripping from the
nacelle, or broken elements of the exhaust disposal system falling to
the ground, the ignition sources can be expected to lie abdve this com-
bustible layer of vapor.

Gasoline spilled within the enclosed cavities of the airplane where
low air ventilation rates exist can generate large volumes of combustible
concentrations of vapor which can move through the channels provided by
the airplane structure. Fuel in both liquid and vapor form can flow
through these channels by gravity and achieve a considerable displacement
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away from the fuel spillage point. Hot-gas ducts of the icing protection
systems or cabin air conditioning for example, lead to heat exchangers
which are often at temperatures above the fuel ignition temperature. 1In
figure 25(c) is shown the fire that follows the movement of wing-spilled
fuel through the icing system hot-gas distribution duct which runs along
the wing leading edge to the engine exhaust gas heat exchanger on the
engine tail pipe below the wing (fig. 25(b)). Propagations of the fire
into the wing above the path of fuel produced the wing explosion shown

in figure 25(c). Because of the time required for the fuel to move to
the ignition source, this fire occurred 12 seconds after crash impact.

Ignition sources within the wing belong to the wing electrical sys-
tem. Damage to this electrical system during crash impact can produce
ignition sources close to the wing fuel spillage, and fire follows almost
at once. In figure 24(c) is shown the fire produced by operating landing
lights which are smashed and driven into the wings by the poles at the
crash barrier. The wing fire appeared 0.60 second after crash impact.

Distribution of fuel in liquid form from the spillage point to
remote areas can take place on the lower surfaces of inclined elements of
the airplane structure. The liquid fuel wets and clings to these sur-
faces, such as the lower wing skin, and flows by gravity. This so-called
"wetting conduction” of the fuel is shown in figure 27 on the wing and
nacelle and in figures 26(a) and 26(b) in the elements of the wheel well
and landing gear strut. The red dye trails left by the fuel show the wet-
ted path of the fuel. Because of the wing dihedral, the fuel tends to
move to the nacelle where many ignition sources are located if the wing
position is not altered from normal in the crash.

The fuel that is spilled as carburetted mixture of fuel and air from
the damagpd engine induction system is generally released in zones adja-
cent to the hot exhaust disposal system and the electrical elements in
the engine accessory sections. A varilety of ignition sources are avail-
able, therefore, to ignite this fuel. The quantity of fuel in the
engine induction system is too small to produce a serious fire unless
the flash fire of this fuel extends to other fuel spillage. In fig-
ure 30 is shown the propagation of the engine induction system fuel.-fire
out of the nacelle to the fuel spillage from the wing.

In an effort to reveal mechanisms of crash-fire initiation that may
have been obscured by the early fires set by the known ignition sources,
an ignition source inerting system was installed in nacelles of several
aircraft crashed in this program. A schematic view of the inerting
system arrangements is given in figure 31. The four-component inerting
system includes a fuel shut-off valve at the carburetor and fire wall
which serves to bring the engine to rest, a 3-pound charge of fire
extinguishing agent injected with the engine inlet to inert the engine
interior, an electrical system cut-off switch on the battery and gen-
eration circuits to prevent the development of hot wires and electric
arcs, and a water-spray system that is arranged to distribute water to
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all parts of the hot metal of the engine exhaust disposal system. The
steam generated on the hot metal surfaces of the exhaust system provided
protection from fuel or oil ignition while the metal cooled to tempera-
tures below the ignition point of fuel and oil. All components of the
system were arranged to be actuated as soon after crash as possible.

The only new mechanism of crash fire revealed in this phase of the
work with the ignition source inerting system installed in the airplane
nacelles is shown in the crash illustrated in figure 44. The landing
wheel and strut, which were stripped from the airplane at the crash
barrier, followed in the wake of the airplane sliding along the ground.
In its passage through the soil dust and fuel mist in the wake of the
airplane, the wheel and strut accumulated electrostatic charge, which
ignited the fuel behind the airplane when the wheel strut approached the
ground, and discharged its accumulated electrostatic charge (fig. 44(d)).
The fuel fire propagated through the fuel in the wake to the crashed
airplane.

Five of the airplanes equipped with the inerting system that did
not burn are shown in figure 40, taken when the airplanes came to rest
after crash. A sixth airplane, likewise equipped, was subjected to a
ground loop (flg. 41) and did not burn either.

The fire-setting mechanism involving friction sparks and friction-
heated surfaces is currently under study.

This report contains a section devoted to the description of the
progress of an aircraft fire. Because the section on the progress of
aircraft fires cannot be given in brief form without misinterpretation,
its inclusion in this synopsis is not attempted. A

The results of this work indicate that significant reductions in
crash-fire hazard can be realized by any design measure which increases
the forward and spanwise distance, and elevation, of the engine with
respect to the fuel storage. This trend in airplane component arrange-
ment will reduce the likelihood of contact between fuel in mist form
with the many ignition sources at the nacelle. Devices or design fea-
tures which act to intercept spilled fuel flowing within the channels
provided by the airplane structure are also valuable. .Provisions for
drainage of the intercepted fuel to spillage points in the open air
away from the nacelles would enhance the effectiveness of these arrange-
ments. Location of landing lights away from chordwise positions in
front of the fuel storage is indicated as well. Preliminary data
suggest the value of employing paints which have a reduced tendency to
accumulate electrostatic charge by friction with dust and fuel on the
parts of the airplane likely to be detached in a crash and trail the
airplane. .
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In an approach to an indicated crash landing, the pilot should de-
energize all of the electrical system not required for landing. Engine
operation that provides the coolest exhaust disposal system temperature
should be practiced. Just before touch-down the fuel flow to the
engines should be cut off to allow the engine to purge itself with air
before crash impact.

In view of the effectiveness of the experimental ignition source
inerting system in preventing crash fires experienced in this study,
the desirability of further study of this system for special airplane -
applications 1s indicated. A combined system for both crash and flight
fires may be particularly attractive because protection for crash and
flight fires may prove to be possible without serious increases in
weight over the flight-fire system alone.
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TABLE I - FUEL ANALYSES

NACA- RM ES2F06

Analysis Analysis
aviation low-
gasoline ‘volatility
100/130 fuel
grade
Distillation (°F) . ‘Distillation (OF) o
Initial boiling point | . 104 Initial boiling point 295
Percentage evaporated |. - Percentage. evaporated
5 : 135 5 330
10 149 10 335
20 168 20 340
30 185 30 343
40 201 40 345
50 214 50 348
60 223 60 350
70 232 70 354
80 241 80 357
90 257 90 364
95 282 95 369
Final boiling point 330 Final boiling point 378
Residue (percent) 0.6 Residue (percent) 1.0
Loss (percent) 0.9 Loss (percent) 0
Reid vapor pressure Reid vapor pressure
(1b/sq in.) 6.1 (1b/sq in.) 0.1
Specific gravity at ' Specific gravity at
60° F/60° F 0.700 60° F/60° F 0.781
Refractive index 1.3934 Refractive index 1.4374
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TABLE II - INERTING SYSTEM FUNCTIONING TIME

Ignition sources Time after Inerting Function
crash impact system time of
ignitions components inerting
observed protecting system

(sec) ignition component
_source (sec)
“Hot surfaces
Exhaust system 1.3 Water spray 0.19
T
1.9
3.8
Heat exchanger 12.1 Water spray .19
Exhaust flame
Torching 4.1 CO2 and water 0.34
1.3 and fuel shut-
2.0 off
3.5
1.9
Exhaust gases .1 COp and water C .34
and fuel shut- :
off
Electric
Arcs 1.0 Electric 0.10
shut-off
Filaments .6 None -——-
: .6
Induction system flames 2.2 COp 0.06
3.5
7.7
Chemical agents 4.4 - A1l -———
3.5
3.5
Electrostatic sparks 2.4 None U aeem
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Figure 1. - C-46 airplane used in aircraft crash-fire program,

Figure 2. - C-82 airplane used in aircraft crash-fire program.
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Camera
stations

Access road &

Crash
Approach barrier Crash area
runway
Camera
stations CD-2739
Figure 3. - Schematic drawing of aircraft crash-fire program test site.

(a) Approach runway and crash barrier.

Figure 4. - Crash barrier and successive views of airplane as it passes through barrier.
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(b) Impact of propeller with sbutment.

SINACA

Cbh-2722
-.2723
-2724
(d) Impact of wing with pole barrier.
Figure 4. - Concluded. Crash barrier and successive views of airplane as it passes

through barrier.
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Flgure 5. - Varilation of spontaneous lignitlon temperature with residence time, surface area,

' and alr velocity.

RESTRICTED



NACA RM E52F06 RESTRICTED.

2500
éx 2400

J /
5 7

o ,//

® 2300

2 /

[} '

g /

g /

ol

o 2200 /’///

&

[}] /

o 7

8 /’//

5 2100 —

n o L

2000
100 156 140 160 160 300 250

Stream velocity, ft/sec

(¢) variation of surface ignition with gas-stream velocity for a
stoichiometric mixture of pentane and air at atmospheric pres-
sure and temperature of 155° F. Ignition by 1/4-inch heated
stalnless-steel rods. Data from reference 3. '

| | T

O Cyclohexane O

A Hexane : !

Q
O Benzene . : /
4

—)
S

\| - ’

.

Minimum énergy, M1111Joules

1 || / /
v

Pt | | S

0 .5 1.0 1.5 2.0 2.5 3.0 3.5

Fraction of stoichiometric percentage of combustible in alr

(d) variation of minimum ignition energy of combustible-alr mixtures
with percentage stolchiometric mixture.

Figure 5. - Concluded. Varlation of spontaneous ignition temperature
with residence time, surface area, and alr velocity.

’ RESTRICTED



.,vqu Ysead Burimp we3sfs 3SneUXe Jo AI03STY SWlg-dIngeradmay - °9 oanITg

atm ‘suig
9T ¥T 2T 0T 8 9 4 A 0

JJo-3nd JuTIuF ——~

002

. é\\\\\\x

%. BOIB 389T00)D SuTx 20103TTOD 3STBYXY @N B3IEB 1837000 o7
mwy, mmmwmmmmmmenna‘ , 4 %% 8

RESTRICTED

DUOMIMIMINIONI T R e 2

Z%%é@@%&%@zyf <o |

i)\ Y o

mvrms v Zé%%//%//y

000T

NACA RM ESZ2F06

12R

1002T

BIadmay,

RESTRICTED



NACA RM ESZF06 RESTRICTED

(a) Backfire from engine induction system
7.7 seconds after initial impact and 3.7
seconds after end of engine rotation.

(b) Flaming out of induction system inlet (¢) Exhaust flame resulting from cutting
2.2 seconds after impact with barrier. of engine ignition system during full-
Ignition system cut 2.0 seconds before power operation.
impact.

Figure 7. - Flaming out of engine induction system and exhaust flames from engine exhaust.

Fire from
previous
exhaust flame

Figure 8, - largest exhaust flame from engine
exhaust system observed during crash pro-
gram; 3.3 seconds after initial impact.

TNAGA
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(a) Front view; 0.04 second after Impact
with first pole barrier. Airplane speed,
125 feet per second.

(c) Front view; 1.5 seconds after impact with
first pole barrier. Airplane speed, 85
feet per second.

(e) Front view; 3.0 seconds after impact with
first pole barrier. Airplane speed, 30
feet per second.

(g) Front view; 4.4 seconds after impact with
first pole barrier. Airplane speed, 8 feet
per second.

Figure 9. - Development of fuel mist spillage from ruptured wing tanks.
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(b) Side view; 0.37 second after impact with
first pole barrier. Airplane speed, 125
feet per second.

(d) Side view; 1.9 seconds after impact with
first pole barrier. Airplane speed, 70
feet per second.

(f) Side view; 3.4 seconds after impact with
first pole barrier. Airplane speed, 20
feet per second.

(h) side view; 4.8 seconds after impact with
first pole barrier. Airplane speed, O,

(Fuel dyed red.)
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Time safter a.irblane stops that nlist d.isappeai"s , sec

T e e e -
2
8 g/;////; Aé&
. s
| Lz

Average wind speed, mph

Figure 11. - Effect of wind velocity on time after ailrplane
stops that fuel mist remains around crash airplane.
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(a) First exhaust flame and spread of fuel (b) Second exhaust flame and spread of fuel
mist; 1.1 seconds after initial impact. mist; 2,0 seconds after initial impact.
Airplane speed, approximately 105 feet Airplane speed, approximately 70 feet per
per second. second.,

(c) Third exhaust flame and spread of fuel (d) Ignition of fuel mist; 4.1 seconds
mist; 2.2 seconds after initial impact. after initial impact. Ailrplane speed,
Airplane speed, approximately 60 feet per approximately 10 feet per second.
second.

Figure 12, - Ignition of fuel mist by exhaust flames from exhaust outlet.

A

Figure 13. - Test setup conducted with taxiing airplanes for simulating spanwise spread of
fuel mist during aircraft crashes.
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Airplane speed Airplane speed
(mph) (mph)
' - s 7 [ ™ ss.6 (
my 24.3 ny 34.4
' |
Spillage source — Spillage source —-

of | @ ‘\ i

.

Relative wind ’ Relative wind

\ _ \

NACA

(a) Deceleration, 2.5. (b) Deceleration, 6.4,

Flgure 15. - Wettling pattern obtalned with simulated fuel spillage during airplane
taxiing tests. ) :
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forward and spanwise fuel
T

e AS vl
decelerations., Airplane

mist; 0.5 second after initial (b) 0il vapors emerging from nacelles;
. Airplane speed, approximately gseconds after ini i c Airplane
t per second. speed, approximately 3 feet per second.

ire outside of nacelle; 3 ) il f by oll fire; 3.t
1 ial impact. Ailrplane geconds after initial impact. Airplane
8

per second.

of oil system in aircraft crash fires.
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(a) Nacelle configuration. e
N
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Fire
0il spillage —/

(b) 0il line rupture and initial oil fire on exhaust collector ring 1.9 seconds
after initial impact.

Figure 18. - Schematic drawing of C-46 airplane nacelle showing oil-cooler location and
oil-line rupture in crashes.
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(a) Ignition left nacelle, test 7; 2.0 sec- (a) First ignition of mist of aviation
onds after initial Impact. Airplane speed, gasoline.
approximately 98 feet per second.

(b) Propagation of flame downwind in mist of

(b) Ignition right nacelle, test 7; 3.5 sec- aviation gasoline.

onds after initial impact. Airplane speed,
50 feet per second.

(c) Propagation of flame upwind in mist of

aviation gasoline.
(c) Ignition left nacelle, test 8; 1.9 sec-

onds after initial impact. Airplane speed,
74 feet per second.

Figure 19. - Ignition of fuel mist by exhaust
flames from exhaust outlet., ILow-volatility
fuel.

(&) Ignition of isopentane.

Figure 20. - Ground studies of ignition of
fuel mists.

Figure 21, - Small danger distance of avia- <L
tion gasoline in liquid state in open air. P A
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”(éfv First ignition of mist of aviation
gasoline.

(b) Propagation of flame downwind in mist of
aviation gasoline.

(c) Propagation of flame upwind in mist of
aviation gasoline.

Burning fuel

poe Fuel-spray mast

(d) Ignition of isopentane.

Black and white photographs of figure 20.
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Figure 22, - Maximum distance downwind ffdm ﬁozzle ring that flame
wlll propagate upwind as a function of fuel volatility and wind
velocity. Amblent-air temperature 68° F.
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(b) Pans of gasoline upwind of cowl outlet.

Figure 23, - Studies of ignition hazard from liquid gasoline spilled
ad jacent to nacelle,
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(a) Impact of poles with landing lights; 0.25 (b) Ignition on right side of airplane; 0.60
second after initial impact. Airplane gecond after initial impact. Airplane
gspeed, 143 feet per second. speed, 135 feet per second.

(¢) Simultaneous ignition of both sides of (d) Rapid development of fire; 1.8 seconds
airplane; 0.60 second after initial Impact. after initial impact. Alrplane speed,
Airplane speed, 135 feet per second. 96 feet per second.

Figure 24. - Ignition of fuel by landing lights.
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(a) Rupture of wing produced by pole barriers.

Y3-48
CD-2576

(b) Schematic diagram of hot-air anti-icing system showing path of liquid fuel flowing from
wing tanks to heat exchangers.

Figure 25. - Mechanism of ignition of liquid fuel flowing through hot-air
anti-icing duct.
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(c) Explosion of wing following ignition of
gasoline flowing through anti-icing duct;
13 seconds after initial impact; 0.6 sec-
ond after ignition.

Figure 25. - Concluded. Mechanism of ignition of liquid fuel flowing through hot-air
anti-icing duct.

Fuel trace

(a) Wheel well. (b) Landing gear strut.

Figure 26. - Distribution of fuel throughout wheel well and on landing gear strut from
wing-tank spilled fuel. (Fuel dyed red.)

~NACA "~

Figure 27. - Wetting conduction trail of fuel on under side of airplane wing. (Fuel dyed
red.)
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e Fire detector
+ Vapor detector
{#% Combustible vapor

Electrical
Junction

Engine fuel line
(a) Location of vapor and fire detectors in nacelle and combustible vapor
detected 1/4 second after initial impact. _ '
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(b) Couwbustible vapor and fire detected in nacelle 1 second after initial impact.

Figure 28, - Mechanism of ignition by electrical system in accessory section of airplane
nacelle,
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(c) Fire in nacelle 2 seconds after initial impact. CD- 2587
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(d) Fire in macelle 3 seconds after initial impact.

Figure 28. - Concluded, Mechanism o;f'i ignition by electrical system in accessory section
of airplane nacelle.
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(a) Fire 2.8 seconds after initial impact. (b) Fire 7.4 seconds after initial impact,
Alrplane speed, 42 feet per second. Airplane speed, O.

(c) Fire 7.7 seconds after initial impact.

Figure 29, - Extension of fire from nacelle to fuel spilled from wing tanks.

(a) Ignition of induction system vapor-air (b) Ignition of engine fuel from broken main
mixture; 0.13 second after initial impact. fuel line in nacelle; 0.29 second after
Airplane speed, 115 feet per second. initial impact. Airplane speed, 111 feet

per second.

(c) Ignition of fuel mist from fuel tanks (d) Spread of fire in fuel mist; 1.2 sec-
spillage; O0.71 second after initial onds after initial impact. Airplane
impact. Airplane speed, 102 feet per speed, 89 feet per second.
second.

Figure 30. - Spread of fire resulting from ignition of vapor-air mixture in induction
system.
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Figure 31. - Schematic diagram of ignition source inerting system.
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Exhaus :
collector B
t ring 3

i Q‘ . 4
(b) Exhaust collector ring water spray system.

Figure 32. - Concluded., Water spray system of ignition source inerting system.
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(a) Engine cowl disruption at barrier; 1.0 (b) Induction-system fuel ignition 3.5
second after initial impact. Airplane geconds after initial impact. Air-
speed, 130 feet per second. plane speed, 50 feet per second.

Figure 33. - Delayed ignition of induction-system fuel.

(a) 0il fire before water sprays turned on. (b) 1.0 second after water sprays turned on
ofl £ire.

Figure 34. - Tests of water sprays of ignition-source inerting system.
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Figure 35. - Water sprays for exhaust heat exchanger.
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Figure 36. - Temperature-time history of hottest portions of exhaust system
during crash test.

and inerted.

Heat

exchanger and exhaust collector ring water cooled
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(a) Inerting-system switch.

(b) Inerting-system switch target.

Figure 37. - Inerting-system switch and switch target.
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Vapor
Coolant

CD-2591

(b) Schematic diagram of nacelle showing location of cambustible vapor and coolant
in nacelle 0.75 second after Initial impact.,

Y Fire
Coolant

* (c) Schematic dilagram of nacelle showing fire indicated by detectors in nacelle
4,2 seconds after initial impact. '

Figure 38, - Mechaniam of ignition by hot metal of exhaust collector ring.
NOTE: (FIGS. 38(a), 38(d), AND 38(e) ON FOLLOWING PAGE.)
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(a) Deformation of right engine nacelle 2.2
seconds after initial impact. Airplane
speed, 60 feet per second.

(d) First indication of fire on right nacelle (e) Fire development 4.1 seconds after ini-

3.8 seconds after initial impact. Airplane tial impact; 0.3 second after ignition.
speed, 15 feet per second. Airplane speed, 11 feet per second.
Figure 38. - Mechanism of ignition by hot metal of exhaust collector ring.

(a) Bromochloromethane burning on outside (b) Bromochloromethane burning on inside
of heated stack. of heated stack.
Figure 39. - Bromochloromethane burning after ignition by section of exhaust stack

heated to 1500° F.

N2
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C-29736

Figure 40. - Appearance of airplanes following crash without fire.
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(a) 0.3 second after initial impact. (b) 1 second after initial impact.

IR

(¢) 1.7 seconds after initial impact. (d) 2.3 seconds after initial impact.

(g) 4.7 seconds after initial impact.

Figure 41. - Ground-loop crash. (Fuel dyed red.)
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Figure 43. - Damage to forestructure of airplane produced by impact with ground 0.72 sec-
ond after impact with barrier in high-contact-angle crash. Airplane speed, 100 feet
per second.

(a) Wheel strut in air before ignition 1.2 (b) Ignition of fuel mist 2.4 seconds after
seconds after initial impact. Airplane initial impact. Airplane speed, 24 feet
speed, 75 feet per second. per second.

(c) Spread of fire 2.9 seconds after initial (d) Spread of fire 3.9 seconds after initial
impact. Airplane speed, 15 feet per impact. Airplane speed, O.
second.

Figure 44. - Ignition of fuel mist by electrostatic charge on landing gear in high-contact-

angle crash. (Fuel dyed red.)
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Figure 45. - Contour of fire propagation through fuel mist after ignition in high-contact-
angle crash,

L\ V.
N

Figure 46. - Test set-up to determine rate of accumulation of electrostatic charge on a
landing gear strut.
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Figure 47. - Voltage produced on an insulated landing
gear by blowing clay dust at 45 mph. Leakage resis-

tance, 0.5x1012 ohms; capacitance, 200%x10-12 farads.
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Figure 48, - Damaged fuel line cut by Figure 49, - Wing fuel tank ruptured by
flying propeller tip. flying propeller tip.
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Figure 51. - Explosion of wing due to igni- Figure 52, - Bulld-up of fire resulting from
tion of fuel vapors in wing and wing tanks. wing explosion. Photograph taken 0,7 sec-
ond after photograph of figure 51.

Figure 53. - Schematic diagram of fire burning inside wing and nacelle as compared with
fire outside airplane.

(a) 0.9 second after ignition. (b) 4.0 seconds after ignition.

Figure 54. - Flame movement through fuel on ground behind airplane.
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(a) Fuel mist fire at its maximum; 3.0 sec- (b) Fuel mist fire with rising colum of
onds after ignition. smoke and burning core of fuel mist;
5.3 seconds after ignition.

(c¢) Fire from fuel evaporating from wetted (d) Fire produced by fuel that soaked into
surface of airplane and ground; 10.0 sec- ground vaporizing and burning in column
onds after ignition. continuous with burning fuel from tanks;

19.0 seconds after ignition.

Figure 55. - Rapid burning of fuel mist.

Figure 56. - Magnesium portions of engine Figure 57. - Flames from burning fuel in
burning during crash. wing tanks licking sides of fuselage.

(a) Fire before explosion. (b) Build-up of fire due to spread of flam-
ing hydraulic fluid.

Figure 58. - Fire produced by exploding hydraulic-landing-gear strut.
RESTRICTED “S_NACA
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(a) Smoke and hydraulic oil vapors issuing (b) Resulting fire after burn through of skin
from fuselage nose. of fuselage nose.
Figure 59. - Development of hydraulic fluid fire within fuselage.

Figure 60. - Cross-over of fire from one side Figure 61, - Fire produced by explosion of
of airplane tc other through canopy of fuel both wings; 1.0 second after ignition.
mist.

NAGR

Figure 62. - Burning fabric on tail surfaces ignited by fuel-mist flash fire.
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c-117

Figure 63, - Structural elements melted in a typical crash fire,.

Figure 64. - Structural collapse due to melting and burning of skin and structural members.
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(a) Fire burning on ground on right side (b) Progress of fire burning on ground on
under empennage of airplane 76 seconds right side 84 seconds after ignition of
after ignition of left side of airplane. left side of airplane.

(d) Ignition of fuel in right wing tanks 107 (c) Ignition of fuel pouring from right wing
geconds after ignition of left side of air- tanks 98 seconds after ignition of left
plane. side of airplane.

Figure 66. - Cross-over of fire from left to right side of airplane through fuel trail
left on ground by airplane.

NACK
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