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THEME

Although the safety standards in aviaiion are already very high, the risk of accidents which involve fires cannot be
completely excluded. [t is therefore necessary 10 strive continuously for the enhancement of fire safety in aviation. Cne of the
main aspects in this problem area is to review fire-related accidents and to learn from them in order to improve safety
regulations and to update relcvant research programmes. Additional information is taken from studies of aircraft internal
and external fires, both full-scale experimental and by numerical modelling of cabin fires where the latter is receiving prowing
attention. The practical conversion of such knowledge into fire-hardened designs of aireraft, both military and civil, is
another aspect of the problem area, where advanced materials and improved structural designs represent the main lines to be
pursued towards improved fire safety. Finally, growing interest is placed into the increase of survival times of passengers by
means of improved passenger protective methods, concerning nat only civil but also military transport aircraft.

Quoique tes normes de sécurité applicables dans le domaine de I'aviation soient déja trés rigoureuses, les risques
d’accidents survenant  la suite d’incendies ne peuvent pas étre totalement exclus. Un effort permanent doit donc étre
consacré 4 'amélioration des mesures de sécunité dans ce domaine. L'une des principales tiches qui s'timposent en ce qui
concerne la recherche d’'une solution 3 ce probléme consiste 3 examiner différents cas d'accidents dus 4 des incendies pour
en tirer des legons, ce qui permettrait d'apporter des améliorations aux réglements de sécurité et de mettre  jour les
différents programmes de recherche. Un supplément d'informations est extrait d'éudes d'incendies d’avions intermnes et
externes, i la fois a partir d'expérimentations en grandeur réelle et & partir de simulation numérique de feux de cabine, cette
derniére faisant 'objet d'une attention grandissante. La traduction pratique de telles connaissances en des conceptions
d"avions durcis contre le feu, tant civils que militaires, est un autre aspect de ce méme probléme, ol les matériaux de pointe et
les conceptions structurelles améliorées représentent les grands axes de développement vers une metlleure séeurité contre
l'incendie. En conclusion, de plus en plus d'intérét est manifesté dans la prolongation de 1a durée de survie des passagers au
moyen de méthodes de protection améliorées, poriant non seulement sur les avions civils mais ausi sur les aéronefs militaires
de transport.
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INVESTIGATION AND CHARACTERISTICS OF MAJOR
FIRE-RELATED ACCTDENTS IN CIVIL AIR TRANSPORTS
OVER THE PAST TEN YEARS

Richard G. Hill
Fire Safety Branch
Federal Aviation Administration Technical Center
Atlantic City I[ntemmational Airport, NJ 08405

U.S.A.

SIMMARY

This paper will summarize & number of fire-related accidents and incidents that have occurred
The selection of accidents/incidents was based on information

during the present decade.

availability and perceived importance of those chosen.

A brief summary of accident data for the past

ten years is presented. A methodology is shown for logically calculating the effects of cabin fire
Eight accidents and four incidents

safety improvements on survivability utilizing past accidents.
are discussed and their iink to safety improvements is described.

for better information from accident investigations.

INTRODUCTTON

The paper concludes with a call

In 1987, the Federal Aviation Administration {FAA) developed a computer model for calculating
the benefits of fire safety iamprovements.
accidents {1). The model is based on the manipulation of two curves, one being the mobility and the
other being the fire hazard.

This caleulation is based on a detailed analysis of past

The mobility rate profile describes the loss in passenger mobility due to physical effects.
They could include the number of usable exits, poor visibility due to smoke or inadequate lighting,
or blockage of the aisles by passengers or debris.

The thermal hazard profile is based on the buildup of hazard that could cause incapacitation,
such as heat, toxic gases, oxygen depletion, and smoke or direct exposure to flames.

It is recognized that the output from the model is based on the subjective input of the
operator. The model itself makes no assumptions regarding an accident, it omly supplies a logical

framework for analyzing the input of the operator.

This methodology was employed by the Civil

Aviation Authority (CAA) of the United Kingdom (2) for analyzing the safety benefit of smoke hoods.

Table 1 lists the major transport accidents {in-flight and survivable post¢rash) having reported

fire fatalities during the last ten years (1,2,3).

TABLE 1

Civil Transport Aircraft Accidemts (1979-1988) With Pire-Related

Deaths or Destruction of the Aircraft by Fire

Place of Type of Mumber of  Number of
Date Carrier Accident Aircraft Passengers Fatalities
1 3/13/7% Alia Doha B-727 b4 44
2 4/26/79 Indian Airlines Madras B-737 67 0
3 10/7/79 Swissair Athens 0C~8 154 14
4 2/27/80 China Airlines Manila B-707 135 2
5 3/19/80 Saudia Riyadh L-1011 M 01
6 11/4/80 TAAG Benguela B-737 134 0
7 11/19/80  Xorean Seoul B-747 226 15
3 11/21/80 Continental Yap Island B-727 73 0
9 278 Aflr Cal Santa Anna B-737 110 0
i0 72T Aeromexico Chihuahua DC-9 66 30
11 3/17/82 Air France Sanaa A-300 124 0
12 8/26/812 Southwest Ishigaki B-737 138 0
13 g9/13/82 Spantax Malaga DC-10 393 51
14 3/11/83 Avensa Barquisimeto -9 50 23
15 8/2/83 4ir Canada Cincinnati c-9 46 23
16 6/11/83 United Chicago B-727 147 0
17 7/2/83 Altair Milan Caravele 89 0
18 Y2/7/83 Aviaco Madrid DC-¢ 42 42
19 12/7/83 Iheria Madrid B-727 93 51
20 12/18/83  Malaysian Kuala Lumpur 4-300 247 0
21 3/10/84 UTa Nd jamena oC-8 23 0
22 3/22/84  Pacific Western Calgary B-737 119 0
23 3/30/84 Air Cameroon Pouala B-737 118 2
24 10/13/84 Cyprus Airways Zurich B-707 10 ]
25 8/22/85 British Airtours Manchester B-737 137 85
26 11/30/85 Mandala Medan L-188 45 o}
27 11/28/87  South African Indian Ocean B-747 161 161
28 8/31/88 Delta Dallas B-727 108 14



Based on factual informaticn and test data, a likely fire scenaric is as follows: Shortly after
rakeoff 3 fire developed in cargo in the C-3 compartment. The fire could have been started by a
cigarette left on a bag, matches igniting in a bag or other small ignition sources. & smoke detector
in the compartment activated, sending a waming to the cockpit. Smoke began drifting into the aft
cabin through the floor grills. Detectors in the compartment became oversaturate with smoke, causing
the alarm in the cockpit to go out. The flight engineer inspected the cabin and returned, stating
there was smoke in the aft. By then the pilot had tumed the aircraft and was returning te Riyadh.

The fire in the cargo compartment had burmed through the cargo liner and impinged on the cabin
floor, fanning out between the cargo compartment ceiling and the cabin floor. The heat melted the
pulleys for the mmber two throttle cable. Oxygen was consumed in the carge compartment and the fire
subgided in the compartment. As the pulleys cooled, the plastic hardened and the number two engine
throttle stuck. Air was then drawn into the compartment through the hole as it cooled, until the
flames began again. This time the fire entered the cabin through the floor. Passengers in the aft
section were moved forward in the cabin. Flight attendants fought the fire with handheld
extinguishers. The fire cycled from flaming to smoldering a number of times.

As the plane began its final approach, the airflow te the cabin was turned off and the outflow
valves were closed. At that time, little or no smoke was observed in the forward cabin or on the
flight deck. The flight crew were convincing themselves that there was no big problem. Upon
landing, the crew took the aircraft to the end of the runway and onto the taxiway before stopping.
The flight crew did not use smoke masks in the cockpit. The flight ¢rew reported to the tower that
they were beginning an evacuation. However, back in the cabin, as the plane touched down, the flames
had impinged on the seats above the C-3 cargo compartment and began to spread. Because the airflow
was shut off and the fuselage was closed up, the combustible gases collected at and above the
ceiling. Before the evacuation cculd begin, a flash fire occurred. Flames shot forward at and above
the ceiling, producing large amounts of gases and consuming most of the oxygen. All of the 301
passengeTs and crew were quickly incapacitated and were soon dead.

This accident led to rule changes in the area of cargo compartment fire protection (7). Tests

showed that had the¢ seats been fire blocked, they could have stopped the spread of fire from the
cargo area to the cabin and prevented the flash fire.

2. Korean Airlines, November 19, 1980,

A Korean Airlines 747 landed short of the runway at Seoul, Korea, causing the main landing gear
to collapse into the cargo compartment aft of the gear. The aircraft slid approximately 7,000 feet
down the runway before stopping. A fire began in the ruptured carge compartiment from sparks igniting
the strut fluid and cargo in the compartment. As the aircraft came to a stop, the fire spread up
into the cabin through the air grills and through ruptured cargo liners and the cabin floor. Of the
208 passengers and 18 crew members, 15 (9 passengers and 6 ¢rew members) did not survive (figure 3J.

The important fact concerning this accident was that there was no jet fuel ipvolvement in the
fire (the tanks remained intact). The major contribution to survivability was from the burning of
the interior materials, This accident changed the minds of many people who believed that the fuel
fire dominated the fire hazards in all aircraft accidents and that material improvements would not
substantially improve aircraft safety.

3.  Spantax, September 13, 1982,

4 Spantax DC-10 aborted a takeoff and overran the runway in Malaga, Spain, stopping in z field
just off the airport. The right wing was tomn off the aircraft and a large fuel fire encompassed the
aft end of the fuselage (aft of the wings). The fire entered the cabin in the aft areas through
tears in the fuselage and burmthrough of the skin. There were 531 fatalities out of the 393
oceupants.

This accident pointed out the problems of evacuation. Evacuation was slowed by debris in the
aisles and some passengers failed to begin evacuation because of emotional trauma. The fire burned
into the cabin in a very rapid manner. This accident alse pointed out the problem that the crash
fire rescue crews have in extinguishing a cabin fire. Photographs (figure 4) show that the fuselage
was almost fully intact when the first trucks arrived and extinguished the external fire; however,
the fire in the cabin almost totally consumed the fuselage before it was extinguished.

4. Air Canada, June 2, 1983.

An Air Canada DC-9 experienced an in-flight fire in the area of the left aft lavatory. The fire
produced heavy smoke in-flight and progressed very rapidly after the aircraft landed. Twenty-three
of the forty-six occupants were able to egress before a flash fire occurred (Ffigure 5}).

Investigation into this accident indicated that a fire started in the hidden area of the aft
lavatory (figure 6). The actual ignition source or fuel was not determined. [t could have been
electrical in nature or it could have been caused by a cigarette and trash behind the vanity area.
The fire spread rapidly to the aft seats after the aircraft landed (figure 7). Many of the
passengers attempted to use some form of protection against the smoke {wet towels, clothing, etc};
however, there seems to be no correlation between attempts at smoke protection and survivability.



To estimate the pumber of added survivors we can utilize the model from reference 1. Knowing
that the last person exited at about 4 minutes Z0 seconds, and because of the breakage in the
fuselage and trauma caused by impact, it was estimated that the full evacustion bDegan 30 seconds
after stopping, with a few passengers near breaks evacuvating in the 15 to 30 second range. Figure 13
shows the curves developed for this accident. The same figure also shows the curves developed under
the assumption of no fire blocking (using an evacuation time of 2 minutes 50 seconds). In that case,
the total survivors would have been 57, Therefore, the calculated number of lives saved due to fire
blocking was 37.

TNCIDENTS

In many cases, the difference between an accident and an incident is pure luck. The probability
of the next aircraft accidént having similarities to a given past incident are the same as the
probability of similarities to a given past accident. It is therefore extremely impertant that all
incidents, considered aircraft or life-threatening, be investigated, analyzed, and understood. It
should be noted that because of the limited damage in some incidents, much more information
concerning the start and spread of a fire can be learned than in an accident. The following are
examples of incidents that have led to research and/or safety improvements in aircraft:

i.  (TA - Paris, France.

& fire ignited in the lower area of the forward cargo compartment of a UTA 747 as maintenance
personnel were cleaning rollers and track in that compartment. The cleaners had some rtags and
cleaning solvent in the compartment at the time. The maintenance persomnel tried to fight the fire
and notified CFR. The fire spread rapidly around the cargo liners and up inte the cabin. The oxygen
system was breached causing a localized, high intensity fire. By the time the Fire was extinguished
by)the CFR, both the main deck and upper deck cabins had been gutted by fire (figures 14, 15, and
16).

Investigators found that the fire in the cargo compartment destroyed many seams, joints, and
fastening systems allowing liners to fall and provide paths of fire egress from the compartment
(Figure 17). The fire also spread up around the bottom cargo liner seal on the thermal insulations’
outer covering. Flames entered into the cabin through the fleor grills in the passenger cabin.

This incident was a major force in including seams, joints, and fasteners in the new testing

requirements for class ""C” and "D compartments. The requirement for cargo lining material on the
lower sidewall of the cargo compartment was also an outgrowth of this incident.

1. " ATA - Chicago, Illinois.

A fire ignited in the forward cargo compartment of a DC-10 as cleaners were servicing the cabin
area. The fire was started in a container by an activated solid oxygen generator (the generator had
accidentally been activated by a mechanic who a few minutes prior to the fire had entered the
compartment and container in search of a replacement seat back) in contact with some bubble plastic
wrap. The fire spread quickly, with seams, joints, and fastening systems failing, causing cargo
liners to fall and the fire to gain access to the cabin area through the floor. By the time the CFR
personnel extinguished the fire it had destroyed the aircraft, burmning through the fuselage along the
top (figures 18, 19, and 20).

Besides reemphasizing the same problems as seen in the UTA incident, concern was focused on
s0lid oxygen generators and their safety.

3. Jordanian Airlines - Singapore.

A Jordanian Airline L-1011 experienced an in-flight fire while at 24,000 feet appreaching
Singapore Airport. The flight crew experienced electrical faults and an overheat warning in the
cheek-area adjacent to the C-3 cargo compartment. Shortly thereafter, a fire warning occurred for
the number two engine. Smoke began pouring into the aft cabin, and flames were seen entering the
cabin through a floor grill in the aft left side. A flight attendant reported firing a Halon
extinguisher at the flames and they disappeared. At about 14,000 feet, the aircraft experienced a

sudden depressurization. The smoke subsided in the cabin, and the aircraft landed with no further
problems,

Investigation revealed that a fire begen with an arc from a power feeder cable to a titanium
bleed air duct. The titanium, ignited and fed by the 400 OF bleed air which exited the ruptured
duct, continued te burn. A 3-feot length of duct was consumed in the incident. The hot air and
molten titanium (3200 OF) then ignited some epoxy/fiberglass ductwork in the area, and the gases
produced by the overheated resins caused the fire to spread around the aft pressure bulkhead and into
the overhead. Fire impingement on the aft pressure bulkhead melted and shorted wiring, causing the
number two engine fire warning, and then causing & rupture of the bulkhead and depressurization of
the cabin (figures 21 and 22). Since most of the burming was on the surfaces of materials and gases
produced, the sudden rush of air due to the hole in the bulkhead blew the fire cut. Luck was with
this flight for, as shown in figure 23, the main fuel line running just under the cabin floor, was
almost penetrated by fire just forward of the aft pressure bulkhead. What if the fire had started at
a higher altitude, further from an airport, or the pressure bulkhead had not burned through?
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Figure 4. Spantax DC-10 on fire (photo by passenger).

Figure 5. Right side view of Air Canada DC-9 after in-flight fire.

Figure 6. Left, aft lavatory {area of fire origin), Air Canada DC-9,



Figure 10. Aft right side of Delta 727.

Figure 11. Aft left side of Deita 727.



Figure 15. Cargeo ceiling with fixtures, UTA 747.

Figure 16. Upper deck view of UTA 747,
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figqure 21. View of the check area adjacent to C-3 cargo compartment,
Jordanian Air L-1011.

Figqure 22. Arced power cabie, Jordanian Air L-1011.
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AIRCRAFT FIRE SAFETY
LEARNING FROM PAST ACCIDENTS

W. T. Tucker
birector, Safety Programs
Canadian Aviation Safety Board
P. O. Box 9128, Alta vista Terminal
Cttawa, Ontario, Canada K1G 378

The real value of aviation occurrence investigations lies in the lessons we can
learn from them to eliminate future accidents or reduce their severity. This
paper reviews past accidents with emphasis on the Canadian experience (e.q.
Pacific Western airlines B737 at Calgary International Airport in March 1984).
The paper differentiates between the determination of contributing factors

and causes and the identification of safety deficiencies as practiced by the
Canadian Aviation Safety Board. It also includes areas of current concern and
topics requiring further research with a view to further improving aircraft
fire safety.

"Why do we investigate aircraft accidents and incidents?" One common answer to the
question is: "To determine the cause(s) and prevent recurrence”. I contend that such
an apswer is incorrect - or, at least, inappropriate. First, from purely a safety
perspective, the determination of causes has little direct value. The value of inves-
tigation lies in the identification of safety deficiencies which then can be reduced or
eliminated. Secondly, preventing a recurrence of a given accident is not a worthwhile
objective because it is highly improbable that the exact sequence of events which led to
that specific accident will ever be repeated. Finally, since (by definition) aviation
incidents do not involve extensive damage or serious injuries, preventing incidents
achieves relatively small economic benefits. Returning to the question: “"why do we
investigate accidents and incidents?", a much better response is "To advance aviation
safety by identifying safety deficiencies and determining ways to eliminate or reduce
those deficiencies.” This latter response comes from the legislation which established
the Canadian Aviation Safety Board (CASB}.

The difference between these two viewpoints is not just a matter of semantics. It is
easy to become pre-occupied with cause-determination and to lose sight of the true
ohjective of advancing safety. Sometimes, the most valuable lessons from an aviation
occurrence have little or nothing to do with the cause factors. To illustrate this point
with a hypothetical example, let's assume that an aircraft went ocut of control and
crashed on appreoach teo an airport. The investigation determines the cause to be pilot
incapacitation from a heart attack. However, when analyzing the wreckage, the investi-
gators also find a serious fatigue crack in the main wing-spar. Inspecticns of other
aircraft reveal similar cracks. Obvicusly, the principal safety benefit lies in the
actions which can be taken to detect and correct such cracks and so prevent other
accidents caused by structural failure.

The focus on reducing or eliminating safety deficiencies is particularly relevant for
this symposium. Aircraft fires are, fortunately, very rare events; and they are even
more rare as the cause of an accident. However, when they do occur, they can turn a
relatively minor accident into a catastrophe. Furthermore, for the occupant inside a
burning aircraft, it is absclutely irrelevant whether the fire was the cause of the
accident or a result. If we can take action to reduce the probability of a fire, to
reduce its severity, or to increase the probability of successful evacuation, we are
advancing aviation safety.

&s mentioned above, aircraft fires are rare events. In fact, for the pericd from 1980
through 1988, and excluding one case involving torching in the APU, the CASE database
contains only twe such accidents involving Canadian-registered passenger aircraft of
over 12,000 kilograms (i.e. larger than a DC-3). The first of these involved an Air
Canada DC-9 at Greater Cincinnati International Airport on 2 June 1983. The second was
a Pacific Western Airlines Boeing 737 at Calgary International Airport on 22 March 1984.

Apart from the fact that both aircraft were totally destroyed by fire, these two accidents
have very little in common. However, both yielded significant safety mesSsages.

As the air Canada acclident occurred in the United States, the investigation was conducted

by the U.8. National Transportation Safety Board (NTSB). The synopsis from the NTSBE's
final report is as follows:

"On June 2, 1983, Air Canada Flight 797, a McDonnell Deuglas DC-2-32, of Canadian
Registry C-FTLU, was a regularly scheduled international passenger flight from
Dallas, Texas, to Montreal, Quebec, Canada, with an en route stop at Toronte,

Ontario, Canada. The flight left Dallas with 5 crew members and 41 passengers on
board.

“about 1903, eastern daylight time, while en route at flight lewel 330 (about 33,000
feet m.s.1.), the cabin crew discovered smoke in the left aft lavatory. After



attempting to extinguish the hidden fire and then contacting air traffic control
(ATC) and declaring an emergency, the crew made an emergency descent and ATC vectored
Fiight 797 to the Greater Cincinnatl International Airport, Covington, Kentucky.

At 1920:09, eastern daylight time, Flight 797 landed on runway 271, at the Greater
Cincinnati International Airport. As the pilot stopped the airplane, the airport
fire department, which had been alerted by the tower to the fire on board the
incoming plane, was in place and began firefighting operations. Alse, as soon as
the airplane stopped, the flight attendants and passengers opened the left and
right forward deoors, the left forward over-wing exit, and the right ferward and aft
over-wing exits. About 60 to 90 seconds after the exits were opened, a flash fire
engulfed the airplane interior. While 18 passengers and 31 flight attendants exited
through the forward doors and slides and the three open over-wing exits to evacuate
the airplane, the captain and first officer exited through their respective cockpit
sliding windows. However, 23 passengers were not able to get out of the plane andg
died in the fire. The airplane was destroyed.

*The National Transportation Safety Board determined that the probable causes of the
accident were a fire of undetermined origin, an underestimate of fire severity, and
misleading fire progress information provided to the captain.

"The time taken to evaluate the nature of the fire and to decide to initiate an
emergency descent contributed to the severity of the accident.”

This was not typical of an aircraft fire occurrence - particularly in that an in-flight
fire was the lead event in the accident sequence. For those on board, the elapsed time
of only 17 minutes from the discovery of what was initially thought to be a minor fire
in a lavatory until the emergency landing at Cincinnati must have seemed like an eternity.
During that time, the conditions inside the aircraft became increasingly unbearable.
Though the NTSE determined that the crew's response time contributed to the accident
severity, their report also had the words of praise: “Considering the conditions which
confronted the captain during the descent and landing, the Safety Board concludes that
the captain exhibited cutstanding airmanship without which the airplane and everyone on
board would certainly have perished." Unfortunately, fully half of the 46 did perish
and, had it not been for the Crash Fire Rescue service, more lives would have been lost.
A flash fire engulfed the cabin within 60 to 90 seconds after the exits were opened, and
the aircraft was quickly destroyed.

It is noteworthy that, at no time, from the initial awareness of smoke coming from the
lavatory until the flash fire just as the last survivor had exited, did anyone see the
actual fire. The NTSB could not identify the precise origin of the fire, but it was
able to determine that it had burned undetected for almost 15 minutes before smoke was
noticed and for almest 20 minutes thereafter.

In its report on the accident, the NTSB reiterated a number of earlier Safety Recommen-
dations relating particularly to fire prevention, detection, and suppression. It also
issued six new Recommendaticons to the FAA as a direct result of this accident. Parallel’
action was taken in Canada. Indeed, the first three aAviation Safety Recommendations

of the CASB (which became fully operational on 1 October 1984) were similar to NTSB

Recommendaticns A-84-76 through A-84-78. Specifically, the CASB recommended to the
Minister of Transport:

- that the training programs for Canadian Air Carriers be reviewed and amended where
necessary to emphasize requirements:

a) for flight crews to take immediate and aggressive action to determine the source
and severity of any reported fire and, if the source and severity of the fire
are not positively and quickly determined or if immediate extinction is not
assured, for the aircraft captain to begin emergency action so as to effect a
landing at the earliest appropriate time;

b) for flight attendants to recognize the urgency of informing flight crews of the
location, source, and severity of any fire or smoke within the cabin;

c) for both flight ¢rews and flight attendants to be knowledgeable of the proper
methods of aggressively attacking a cabin fire including hands-on-training ir
the donning of protective breathing equipment, the removal or penetration of
interior panels without risk to essential aircraft components, and the discharge
of an appropriate hand fire extinguisher aon an actual fire. {CaSB B84-01

- that accessibility to potential cabin fire sources be improved, e.g. through
installation of additicnal inspection panels or through identification by an
acceptable and standardized means of those interior cabin panels of transport
category airplanes, including panels of lavatories and the galleys, which can be
safely removed or penetrated, (CASB 84-02)

- that the appropriate manuals be amended to include comprehensive discussions and
illustrations showing the proper use of a fire axe and the location in each model
of aircraft where an interior can be removed or penetrated safely to gain access
to a fire or smoke emission source. {CASB B84-07)

Both organizations were generally satisfied with the responses received from the regulatory
authorities in their respective countries. 1In addition, safety improvements are continuing
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to be made as a result of this and other accidents involving cabin fires. For example,

on January 12, 1989, the FAA issued an MNPRM (Notice of Proposed Rule-Making) related to

external signaling from lavatory smoke detectors, hand-held extinguishers in the cabin,

and automatic extinguishers in lavatory waste-bins. {It should be noted that the latter
had already been installed by Air Canada at the time of the accident.)

As indicated above, the circumstances of the March 1984 Pacific Western B-737 accident
were quite different. The accident occurred Jduring the attempted take-off, the fire

was external to the aircraft fuselage and was guite visible, and, most significantly, all
the cccupants managed to escape.

The investigation was started by the former Aviation Safety Bureau of Transport Canada
and then taken over by the Canadian aviaticon Safety Board upon its establishment over
the following six months. The synopsis from the CASB's final report is as follows:

"During the take-off roll, the flight crew heard a loud bang which was accompanied
by a slight veer to the left. The take-off was rejected, and all 119 persons
successfully evacuated the aircraft when a severe fuel-fed fire developed.

"The Canadian Aviation Safety Board (CASB) determined that an uncontained failure of
the left engine thirteenth stage compressor disc had occurred. Debris f£rom the
engine punctured a fuel c¢ell, resulting in the fire. The disc fallure was the
result of fatigue cracking."

The total elapsed time from the compressor disc failure until the last person had exited
the aircraft was between four and five minutes. The "History of the Flight" segtion of
the CASB report describes what happened during those four or five minutes:

"Pacific Western Airlines {PwWa) Flight 501, a Boeing 737-200 C-GQOPW, was to depart
Calgary, Alberta at 0730 mountaln standard time (MST) on 22 March 1984, on a scheduled
flight to Edmonton, Alberta. On board were ll4 passengers and a crew of 5.

"Take-off was begun at 0742 from the intersection of runway 34 and taxiway C-1.
About 20 seconds into the take-cff roll, at an airspeed of approximately 70 knets,
the flight crew heard a loud bang which was accompanied by a slight wveer to the
left. The captain immediately rejected the take-off using brakes and reverse
thrust. Both the captain and first officer assumed the noise and slight veer were
the result of & blown tire on the left main landing gear.

"The aircraft was gquickly brought to taxiing speed. &As the speed reduced, the
captain decided to taxi clear of the runway at taxiway C-4. BApproaching taxiway
C-4, both pilots noted that the left engine low pressure unit rpm was indicating

0 per cent. The illumination of annunciator panel lights associated with the loss
of electrical power produced by the left engine was also noted. while both pilots

were analvzing this new information, the captain continued to taxl and cleared the
runway at C-4.

“"Twenty-three seconds after the initiation of the rejected take-off, the first
officer called clear of the runway on tower frequency. The captain then continued
to taxi slowly up C-4 while both pilots continued to question the source of their
problem. Forty-five seconds after the initiation of the rejected take-off, the
cockpit door was unlocked in response to the knocks of the purser. Upon entering
the cockpit, she asked if they had blown a tire. She then stated that there was -
some fire at the rear of the aircraft. A verbal exchange lasting five seconds
ensued in which the captain queried the existence of fire, and the purser elaborated
that the fire was "on the back of the wing", "fire on the left wing". During this
exchange, there was a brief sounding of the fire bell, and the flight attendant
cockpit call chime began to sound repeatedly.

"At the end of this verbal exchange between the purser and captain, the first officer
reguested confirmation of the fire from the tower. One minute and two seconds after
the initiation of the rejected take-coff, the tower controller stated that there was
“considerable amount off the back - on the left side engine, and it's starting to
diminish there. There's a fire goinhg on the left side." Immediately after this
the purser further stated that "the whole left-hand side, the whole back side of
it is burning”, folleowing which, at an elapsed time of 1 minute 11 seconds, the
captain advised the purser to prepare for evacuwation. About this time, the captain
also discharged a fire bottle into the left engine, and the first officer requested
tower to dispatch the emergency equipment. He also advised the tower that they
had no fire warning. The tower controllers then advised that it would probably be
best for the crew to stop the aircraft in its present location. At an elapsed time
of 1 minute 33 seconds, the tower controller further advised that flames were coming
out the left-hand side of the aircraft.

"immediately fellowing this transmission, at an elapsed time of 1 minute 36 seconds,
the cockpit fire warning bell activated and continued to ring. Simultaneocusly,

the purser re-entered the cockpit and reported that it was getting bad at the back.
At an elapsed time of 1 minute 40 seconds, the first officer reported to the tower
contreller that they now had a fire warning. At the same time, the captain activated
the second fire bottle and again directed the purser to prepare for an emergency
gvacuation., He then stopped the aircraft and, aleong with the first officer, carried
cut the procedures for an emergency evacuation.



"At an elapsed time of 1 minute 55 seconds, the flight attendants initiated an
emergency evacuation ef the passengers, following which the flight attendants and
flight crew evacuated the aircraft. Fire consumed substantial porticns of the
aircraft before being extinguished by airport Crash Firefighting and Rescue (CFR)
services. "

The investigation quickly identified that the lead event in the accident sequence was an
uncontained failure of the left engine thirteenth stage compressor disc. The left engine
was extensively fire damaged. The engire case and nacelle were perforated at the one o'clock
position when viewed from the rear. This perforation was opposite the thirteenth stage
of the high pressure compressor and had been made from inside out. A second perforation
was found on the lower surface of the left wing, just inbound and in line with the hole
in the engine nacelle. The wing skin had beern penetrated and the fuel cell breken.

when the high pressure compressor was disassembled, an area measuring about three inches
by seventeen inches was missing from the thirteenth stage disc. Two large pieces of the
disc, which matched the missing area, were found on the runway about 1300 feet from the
starting point of the take-off roll.

A much more difficult task in this investigation was the determination of why the disc

had failed. The details are not particularly relevant for the purposes of this symposium.
However, it is important to recognize that any uncontained failure in a wing-mounted
engine also involves the risk of a serious fire.

The CASB report describes the extent of damage to the aircraft before the fire was
finally extinguished.

"The main section cof the aircraft, composed of its wings and fuselage forward of
the wings, was resting on the nose landing gear, right landing gear, and the left
engine. Some of the support structure of the left landing gear had melted away,
allowing the left side of the aircraft to settle until the left engine rested on
the taxiway. The tail section of the aircraft had burned through at the crown,
and the aft fuselage had descended until the tail rested on the ground. It was
still attached to the main structure at the bottom.

"The left side of the fuselage sustained smoke and heat damage extending from
fuselage station 450 to station 1064. The fuselage had fractured at station 747
and a large section above the window line between stations 747 and 890 was burned
away. The right side of the fuselage sustained smcke and heat damage of a lesser
nature between stations 480 and 10190.

“The nose area of the aircraft was undamaged, as was the empennage.

"The left front emergency slide was deployed but had deflated because of fire damage.
The right front emergency slide was deployed and remained inflated. fThe right rear
emergency slide was deployed and was destroyed by fire. The right over-wing
emergency exit window had been removed and was lying on the right wing.

"The right wing sustained heat and fire damage of a minor nature, except for portions
of the leading edge devices, spoilers, flaps, and wing undersurface which sustained
severe damage. The left wing was extensively damaged from the fuselage out to the
wing tip. The leading edge devices and leading edge were almost burned away. All
but the leading edge of the aileron was burned away as well. The trailing edge
inboard flap and spoilers were burned awsy and there were numercus protruding
surface splits if the upper surface of the wing."

The investigators found pieces of the aircraft structure and left engine on the runway
and taxiway. There was also a trail of raw and burnt fuel residues and globules of
melted aluminum which continued to the final resting posgition of the aircraft. In some

places, large sheets of fire-damaged aluminum skin and honeycomb material had fallen
from the left wing.

Inside the aircraft, heat and smoke damage was evident on the left side windows aft of
seat row three. From seat row eight to the break in the fuselage, flame damage had
occurred to the interior of the passenger cabin. Windows had melted or burned away., and
the fuselage liners and seat upholstery were heavily damaged by fire entering through
the window openings. From the break in the fuselage aft to the rear pressure bulkhead,
the aircraft interior had been completely gutted by fire,

The fire broke out coincidently with the explesion-type sound which had been heard by
people both inside and outside the aircraft. AaAs the aircraft decelerated and proceeded
down the runway onto the taxiway, it was trailing flame from the left wing.

The airport CFR crews were immediately neotified of the fire by the control tower.
Yehicles from the north fire nhall reached the aircraft about two minutes after notifica-
tion, and vehicles from the south fire hall arrived about two minutes later. The CFR
crews were able to inpede the fire near the exits and so, almost certainly, were a major

factor in this being a non-fatal accident. However, extinguishing the fire proved to be
very difficulet:

"Fire was concentrated in the left wing area between the engine nacelle and fuselage.
Dry chemical and foam were expelled inte the fire area to control the fire and



provide a fire-free escape route for evacuation. The initial positioning af the
fire vehicles behind the aircraft and near the left wing tip prevented unrestricted
access to the fire, and,- as a result, initial attempts to extinguish the fire were
not successful. Efforts to combat the fire were complicated by the nature of the
fire involved. Fires of this nature are known as "three-dimensicnal fires® and
consist of an elevated fuel source, a running {(falling) fire, and a ground pooling
fire. Although the fire was substantially knocked dewn and evacuation routes kept
open, the engine nacelle and the wing blecked access from the foam cannens, located
on the top of the fire vehicles, to the source of the fire, which was under the
left wing, inboard c¢f the engine.

"Pire control attempts were further impeded when one foam truck became mired in the
soft ground adjacent to the taxiway, while attempting to move to a more effective
position. &s a result, time was lost, and the fire-extinguishing agent continued
to be applied in a less than ideal fashion. Both feam vehicles ran out of
extinguishing agent before the fire could be extinguished.

"Other vehicles continued to apply cooling water, while the foam trucks returned

to the fire halls to replenish their water and foam agent supplies. During their
absence, the fire significantly increased when the fuel cell vented through the
upper surface of the wing. The fire was eventually extinguished by the foam trucks
using hand lines when they returned fellowing replenishment.”

Those passengers who were seated on the left side of the aircraft near the wing were
almost immediately aware of the existence of fire. as the aircraft slowed, several
passengers left their seats, and, as more became aware of the fire, a general level of
agitation developed. The number two flight attendant seated in the rear of the aircraft
heard a passenger yell "fire" within ten seconds of the occurrence; the purser and number
three flight attendant bheoth seated at the front of the aircraft, were aware of the fire
within twenty-five seconds of its occurrence.

As specified in their procedures for a rejected take-off, the three flight attendants
remained in their seats awaiting instruction from the captain. &ll assumed that,
hecause the aircraft continued to taxi, the captain was aware of the situvation and that
it was under control. Aas the fire continued to increase in size, the flight attendants
made several attempts to contact the flight crew. The number two flight attendant,
seated in the rear of the aircraft., attempted to notify the flight deck of the fire by
using the aircraft interphone system. Although the signal tone was heard on the flight
deck, it went unanswered because the first cfficer mistook the teone for that assoclated
with the passenger flight attendant call button. The number two flight attendant
continued in his attempts to ceontact the flight deck and also began to call the front
cabin f£light attendant station. The purser attempted to enter the flight deck but was
unable to 4o so because the door was locked in accordance with standard company
procedures,

about forty-five seconds after the take~off was rejected, the purser entered the flight
deck and, after first asking if they had blown a tire, informed the pilots of the fire

at the back. She returned to the cabin after having been informed by the captain to
prepare for an evacuation. A few seconds later, at an elapsed time of about one minute,
the first officer sought and received confirmation of the fire from the tower (but was
also told that it was "starting to diminish"). As noted above, the pilots had several
additional communications with the tower and the purser over the next 45 seconds while
the aircraft continued along taxiway C-4. At an elapsed time of 1 minute and 50 seconds,

the flight crew began the shutdown procedure and the aircraft was stopped. The evacuation

was started at 1:55 and toock an estimated two to three minutes.

The fellowing excerpts from the "Survival Aspects" section of the CASB report describe
the conditions experienced by the occupants of the cabin:

"There was no general announcement of the evacuation made by either the captain or
the flight attendants. Evacuation commands were given to passengers as they exited
the aircraft. The passengers' decisions to leave their seats and evacuate were
based on their perceptions of the emergency situation and their observations of the
flight attendants opeaing the exits. Passengers were at the doors awaiting the
inflatien of the escape slides.

"Four exits were used during the evacuaticon: these were as follows: main entrance
door {left front); galley service door {(right front); right over-wing exit; and
right rear service docor. The main entrance door was opened by the number three
flight attendant and the galley service door by the purser. The right over-wing
exit was opened by the passenger seated next to it at the urging of several
passengers seated nearby. The first few passengers out this exit reported that the
escape slide at the galley service door had not yet deployed when they exited the
aircraft. The right rear service docor was opened by the number two flight
attendant.

"Shortly after the evacuation commenced, fire meited windows along the left side of
the aircraft. When the windows melted through, heat e&nd smoke entered the arrcraft,
and the cabin environment quickly deteriorated. Substantial quantities of smoke
also entered through the right over-wing exit and right rear service door.



“Conditions within the aircraft cabin were significantly worse in the aft section,
Heat was felt as the windows melted through. Those passengers who had been seategd
beside the windows nearest the fire experienced some singeing of hair and clothing.
smoke obscured visibility almost totally during the latter stages of the evacuation.

“Passenger perceptions in the forward part of the cabin differed markedly from those
in the aft. It took much longer for them to be aware of the existence of fire, and,
even then, some did not perceive the seriousness of the situation.

"Most passengers chose the closest exit for evacuation. Many stopped to retrieve
bandbaggage before they left. Those passengers who exited through the main entrance
door and galley service deor were seated primarily in rows one through seven. Most
initially chose to use the main entrance door until the number three flight
attendant began directing alternate passengers to the galley service door. The
passengers who exited through the right over-wing exit were almost all seated in
rows 8 through 16. With only a few exceptions, the rear exit was used by all
passengers seated aft of row 16.

“The evacuation was without panic; however, a sense of urgency prevailed. There was
some pushing, and several people went over seat backs to get to the exit ahead of
others already in the aisle. There was no noticeable yelling or screaming.

"As the evacuation progressed, smoke began to thicken and obscure vision. Smoke
conditions were worse in the aft section of the cabin. Passengers who exited via
the rear exit reported that they were unable to see the exit and were required to
follow the person ahead to locate it. By the time most had reached this exit,
the smoke had lowered to about knee height. The bottom portion of the door and the
slide were all that was visible. The passenger who was the last copne to exit via
the over-wing exit reported he had to drop to his knees to breathe fresh air befeore
he was able to reach the exit. Only when he neared the exit, did it become visible
through the smoke.

"all passengers who exited wvia the over-wing exit jumped off the leading edge of
the wing. The vertical drop from the wing to the ground is in excess of six feet,
and this distance in¢reases as one moves outward from the wing root. Smeoke ang
flames near the trailing edge influenced the passengers to go forward after they
had left the aircraft. Most jumped down from the wing inboard of the engine,
although several proceeded out the wing before dropping to the ground.

"The rear slide was obserxrved to deflate, because of fire damage, immediately after
the number two flight attendant exited the aircraft.

"Four passengers sustained serious injuries during the evacuation. All four exited
the aircraft via the right over-wing exit. Three of these passengers sustalned
bone fractures of varying severity when they jumped to the ground from the leading
edge of the wing. The fourth passenger, who was apparently the last person to exit
the aircraft, sustained pelvis and rib fractures when he fell to the ground, after
slipping on foam on the wing.

"Humerous other passengers sustained minor bruises, cuts, abrasions, and sprains
during the evacuation. Some singeing ¢f hair and mild blushing of the skin from
heat were also repcorted. Blood samples were taken from the 29 passengers who
reported to hospital. <Carbon monoxide levels were minimal when measured, and there
were no reports of other toxic substances.®

The report noted that the CFR crews were unable to extinguish the fire, because of the
lecation of the hele in the lower wing skin. The foam cannons used were mounted on the
top of the foam trucks, making it impossible to get low enough to hit the main source

of the fuel and knock down the flames at that point. The fire therefore continued until
the left wing fuel cells were almost completely empty.

The CASE made seven “"Cause-related Findings", in¢cluding the following:
- an uncontained rupture of the left engine thirteenth stage compressor disc

occurred approximately 1,300 feet into the take-off roll.

- Some stator repalr procedures carried out at the last major overhauwl were not in
accordance with the provisions of the Pratt & Whitney JT8D engine overhaul manual:
as a result, deficiencies in the thirteenth stage stator assembly occurred.

- Fuel leaking from the punctured fuel cell was ignited instantanecusly.

- The fuel-fed fire increased in size and engulfed the left wing and aft section of
the aircraft.

The Board alse made nineteen "Other Findings", including the following:

- The flight ¢rew reacted promptly to the abnormality in the take-off run by
initiating a rejected take-off.

- The aircraft was not brought to a stop in accordance with the published rejected
take-off procedure.
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- Communication and coordination between the cabin and the flight deck did not
result in an early appreciation of the problem and resulted in a significant
delay before the flight crew was aware of the existence and seriousness of the
fire. ;

- Air traffic services personnel were immediately aware of the fire but did not
immediately inform the flight crew.

- The flight crew reljed excessively on the cockpit fire warning indicators to
confirm the existence of fire.

- Published emergency procedures and training did not provide adeguate guidance
in the event of a general aircraft fire.

- Once aware of the fire, the flight crew did not immediately take appropriate
emergency action.

- Most passengers were regular travellers, familiar with the Boeing 737; this
contributed to the success of the evacuation.

- The last passengers to evacuate the aircraft evacuated at about the last possible
momant .

- The aircraft was not brought to a step on the runway, thereby limiting the paved
manoeuvring space available for the Crash Firefighting and Rescue vehicles.

- Crash Firefighting and Rescue services were hampered by the difficulty encountered
by a vehicle traversing the soft, wet terrain,.

The CASB has developed a variation on the ICAO format for the "Recommendations" section
of an occurrence investigation report. In CASB reports, this section is titled "SAFETY
ACTION". This modification permits the inclusion of a description of actions taken
subseguent to the occurrence as well as & qualitative description of action reguired and
safety concerns in addition to the traditional "Recommendations”.

Under "action Taken" in this report, the Board made the following observations:

"The Canadian Aviation Safety Board notes that as a result of this occurrence, the
air carrier has taken the following corrective action with regpect to its Boeing
737 emergency and standard operating procedures:

a) Pacific Western Airlines has instituted combined recurrent emergency procedures
training for flight and cabin crews in order to improve total crew coordination
during emergencies;

b} Modifications to the service interphone system and cabin to cockpit c¢all lights
are underway to allow direct and immediate communication between the flight ang
cabin crew; and

¢) Emergency procedures tralining now emphasizes the need to stop the aircraft
immediately and determine the cause of the rejected take-off. For fires on-the-
ground, training puts greater emphasis on visual inspection by opening the
cockpit window and by soliciting information from any and all sources.”

Under "Action Reguired", the Beoard made nine Aviation Safety Recommendations (which were
issued to the Canadian Minister of Transport) and re-emphasized the importance of training
to ensure rapid and appropriate response, by all parties, to emergencies such as an
aircraft fire. Three of the Beoard's Recommendations dealt with gquality control of engine
overhaul procedures, better airport emergency procedures for the control of accident
survivors, and the need for authorization from the investigator-in-charge before an
accident runway is cleared and returned to service. The other six Recommendations were

as follows:

- The Department of Transport revise its training syllabus, procedures, and Air
Traffic Control Manual of Operations (MANOPS) to require that air traffic services
personnel take immediate actieon to inform the pilets of an aircraft of any
observed condition that may adversely affect that aircraft's safety, such as a
fire. {CASB 87-02)

- The Depaftment of Transport reguire that aircraft-on-the-ground emergency
procedures and training emphasize the need to stop an alrcraft immediately and
determine the nature of the emergency. {CASB §7-03)

- The Department of Transport reguire that emergency procedures and training incor-
porate ceoordinated responses by the total crew complement. {CASB 87-04}

- The Department of Transport reguire that transpert category aircraft have a means
for the c¢abin crew to alert the cockpit crew directly and immediately of any
critical on-board emergency. [(CASB B7-05)

- The Department of Transport require that emergency procedures be implemented for
those fires which do not immediately activate an~board fire or smoke detection
systems, ({(CASB 87-06)

- The Department of Transport review current aircraft design criteria with the
long-term objective of reducing or eliminating the hazard of uncontained engine
cemponents compromising the airworthiness of the aircraft. (CASB 87-07})
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Finally, under "QOther Safety Ceoncerns”, the Board expressed support for Transport

Canada efforts to develop improved all-terrain CFR vehicles and made several observations
with respect to aircraft cabin safety. The latter, which are of particular relevance to
this symposium, are as follows:

"Fires that occur in transport category aircraft continue to provide graphic proof
of their swift and catastrophic effect on passengers and crews. The CASB notes
that much effort has been expended over the years to improve cabin safety in
transport category aircraft, particularly, the recent revisions to Air Navigation
Orders (ANO) Series II, Nos. 28, 29, and 30, requiring the installation of fire-
blocking materials, floor proximity emergency escape path marking and Halon fire
extinguishers in passenger compartments of transport category aircraft, These
revisions to ANOs were signed by the Minister of Transport on 06 June 1986, and
compliance is required by 31 December 1988.

"While the CASB commends these much-needed advances, fire-related occurrences such

as this one confirm the need for further effort. Toxiec gases generated by synthetic
materials used in aircraft cabins guickly create a lethal environment for passengers
and crew of a burning aircraft. Additionally, dense smoke in the cabin reduces
visibility and limits survivors' ability te quickly select the best escape route.

“A number of the recommendations put forth as a result of this occurrence seek to
improve the emergency procedures used to evacuate survivors and thereby reduce

the time passengers and crews are exposed to risk in a burning aircraft. The CASB
will carefully monitor such on-going efforts to improve cabin safety, such as
passenger smoke hoods, and will consider further safety action to reduce the lethal
nature of fires in transport category aircraft.”

It is indeed unfortunate that research into potential safety improvements such as fuel
additives, improved fire-blocking materials, smoke hoods and aircraft cabin sprinkler
systems has been hindered by non-constructive debate and some rigid, even parcchial,
attitudes. I don't know whether any or all of these would be cost efficient; what is
important at this stage is that there be international cooperation in objectively
researching all such potential improvements until it can be determined which, if any,
are worthy of implementation. To the pregoing list of research topics, one can add:
prevention of uncontained engine failures, seat-resistance to "g forces" and other
aspects of crashworthiness, carry-on baggage regulations, the appropriate number of
emergency exits, and means of improving the reliability of emergency escape slides.

Note that the vast majority of the safety improvements mentioned in this paper are not
directly related to accident causes. Certainly, we should contine to attack the causes

of aircraft accidents. But, we must never lose sight of the fact that we are also
advancing aviation safety if we can reduce accident severity and increase survivability.
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SOMMARY

This paper sumarizes a series of improved fire safety standards for transport aireraft adopted
or proposed by the United States Federal Aviation Administration over the past five years and
describes the technical development of these standards. Important test results and analyses employed
to develop the new stendards are described. Reference is made to technlcal publications issued by
the FAA for each fire safety area. Emphasis is placed on recent and high-impact rulemslkdng actions
such as the heat release standard for large surface area interior panels (based on the Cblo State
Rate—of-Heat-Release Apparatus). Other activities sunmarized include heat resistance evacuation
slidea, smoke detectors and fire extinguishers, cargo compartment fire protection, seat cushion fire
blocking layers, floor proximity lighting, and crewmember protective breathing equipment.

IRTROCOCTION

The Federal Aviation Administration {FA4A) has undertsken an unprecedented series of regulatory
actions over the past five years for the purpose of improving transport alreraft interior fire
safety., These initiatives were part of a broad, szcheduled program to enhance airliner safety that
includes such diverse topics as water survival, child reatraints, end crashworthiness (1). They are
a culmination of a rumber of factors, including advisory committee recommendations (27,
congressional support, product oriented FA4 technical progrems, accident pressures, and industry
cooperation.

Aircraft interior design for {ire safety covers three broad areas: material fire test methods,
fire management end suppression, and evacuvation and survival, Because of the overriding concern
with the effect of the hazards of burning interior materials on ocecupant survivability, the FAA has
placed greatest emphasis in its research, engineering and development program for cabin fire safety
on the development of lmproved fire test methods for interior materials. Products from this program
were incorporated into new fire test standards for seat cushion fire blocking layers (3), low
heat/smoke release interior panels (4,5), burnthrough resistant cargo liners (6}, and radiant heat
resistant evacuation £lides (7). Wew requirements for detectors and extinguishers {8) will improve
in-flight {ire management and suppression. BEvacuation end survival has been enhanced by new
standards for floor proximity lighting {9) and flight crewmember fixed protective breathing
equipment and cabin crewmember portable protective breathing equipment (40).

SEAT CUSHIOR FIRE BLOCKING LAYERS

Aircraft seats are typically constructed of fire reterdant polyurethane fosm and upholstery
fabric, which previously was required to pass the vertical Bumsen burmer test prescribed in Federal
&dviation Regulation (FAR) 25.853 (11). However, under the conditions of a severe cabin fire, the
foam core ignites readily and burns rapidly, significantly contributing to the gpread of fire. The
concept of a fire blocking layer material to encapsulate and to protect the polyurethane foam was

reccamended for evaluation and development by the Special Aviation Fire and Explosion Reduction
{SAFER) Advisory Committee (2).

The initial phase of FA& evaluation consisted of a series of full-scale tests to determine the
effectiveness of the seat cushion fire blocking lager concept under the conditions of an intense
postcrash fuel fire. Prior work by others was limited to the evaluation of fire blocking layers
under moderate fire conditions for office, theater, institutional, and surface transit vehicle
settings. The FAA full-scale tests were conducted in a new building with the capability of
subjecting elircraft test articles to large jet fuel pool fires under controlled envirormental
conditions (12). & £-133 alrplane modified to resemble a wide body interior was employed as the test
article (figure 1). Basically, a section of the £-133 test article wes lined and fumished with
actual cebin materials and subjected to an intense extermal fuel fire placed adjacent to a simulated
fuselage rupture. The results of four tests with modified seat cushions {13), but with all other
test aspects identieal, are shown in figure 2. In this figare the fractional effective dose (FED)
accounts for the assumed edditive effect of measured levels of toxic gases and elevated tesperature
on survival {12). A&n FED value of unity corresponds to incapacitation and indicates the hypothetical
survival time. The additional time available for escape when the seats were protected with Vonar
and Norfab™ fire blocking layers was 60 and 43 seconds, respectively, and was comparable in the case
of Vonar to the safely beneflts provided by noncombustible foam cushions. Further testing
demonstrated that blocking layers could provide even greater improvements against certain types of
remp and in-fiight Tires, for exemple, preventing fires that may otherwise become out of control when
Initiated at an unprotected seat and left unattended (14). Although these data demonstrate the
efficacy of the fire blocking layer concept, extensive additional FAS work was needed to make the
concept into a viable product. This additional work covered the subjects of weight optimization and
durability (15}, flotation {16}, cost-effectiveness (17), and certification testing of cushions (18).



The final rule established that trensport aireraft seat cushions meet new and more severe
flenmability requirements by November 26, 1987 (3). The new test methodology, developed by FaA,
subjects seat back and seat botfom cushion specimens to 2 burner with temperature and heat flux
typical of a cabin fire {figure 3). Unlike most flammability fests, the test specimens simulate the
end use seat configuration and allow for the burning interaction of upholstery cover, fire blocking
layer, and foam cushion. In addifion, other important effects such ss seat construction features
(thickness, seams, Toam layering, etc.) and the melting, déripping, and pool burming behavior of
urethane [oam are taken into consideration. Acceptance criterdia consist of 10 percent welght loss
and & burn length of 17 inches - performance essentlially matching that attained by the Vonar™ and
NorfabTH blocking layer materials proven effective in full-scale tests. 4n advisory circular was
issued by FA4 to provide puidance material for testing seat cushions to show compliance with the rule
(19}.

Approximately 350 fire blocking layer materisls were evaluated by FAA following the development
of the seat cushion flammability test methodology. . About 130 materials met the performance criteria,
including, for exsmple, thin foems, fiberglass cloths, aluminized fabrics, and grephitized fabrics,
demonstrating the availability of suitable fire blockers. Many of the materials later proved to be
impractical from weight, comfort, and durability considerations.-upen subsequent indepth evaluation by
seat menufacturers, Today, the majority of seats manufactured in the United States are constructed
of elther polybenzimidezole felty or aramid fire resigtant quilts, weighing 6 to 10 ounces per square
yard. The entire United States sirline fleet, consisting of spproximately 650,000 seata, is
protected with seat cushion fire blocking layers.

LOW HEAT RELEASE IRTERIOR PANELS

The interior panels of an aircrafi cabin, such as the sidewalls, celling, stowage bins, and
partitions, are very important to the cabin fire loed becsuse of thelir large surfsce asrea and, In
some cases, location in the upper cabin where fire temperatures are greatest. This lsportance was
evidenced in the full-scale fire tests with fire blocking layers (figure 2). In the test with
noncompustible seat cushions, the flashover was caused primarily by the burning panels. Intertor
panels are usually complex composites consisting generally of a NomexT¥ honeycomb core, resin-
impregnated fiberglass facings, and a decorative laminate finish.

The next logical step in fire-hardening the interior of a transport alrcraft, after the
establishment of a seat cushion flammability standard (3), was to improve the fire performance of the
interior penels by development of wore stringent and new fire test requirements. The ilssue of
jmproved test methodology was complicated by the requirement to consider the interrelated concerns of
flemmability, smoke, and toxicity. However, test methodology development was preceded by the need to
document (by full-scale fire tests) the potential benefits of fire-hardened panels for several fire
scenarlos.

The potential for improved safety was examined in the $-133 wide body test ariicle used earlier
for evaluation of the effectiveness of seat cushion fire blocking layers. & section of the test
article was fitted with sidewalls, stowage bing, a ceiling, and a partition, each constructed of an
advanced composite panel selected by the National Aercnautics and Space Administration (N4SA), as
well as fire blocked seats and carpet, and subjected to three types of full-scale fire conditions.
The same tests were repeated with a panel design used extensively in early wide body interiors and
s8ti1l retained for scme interdior applications. The safety lmprovement associated with the advanced
panel when compared to the in-gervice panel was significant. With the advanced panel, flashover was
actually prevented when the external fuel fire was adjacent to a door opening or when an in-flight
fire was started from a gasoline drenched seat. In the more severe ruptured fuselage scenarioc,
sherein seats are more directly exposed to the extemal fuel fire, use of advanced panels resulted in
a 2-mirmute delay to the omset of flashover (20).

The full-scale fire tests in the C-133 wide body test srticle, conducted to examine the benefits
of seat cushion fire blocldng layers and fire-hardened interior panele, demonstrated that occupant
survivabillty was largely driven by cabin flashover. Flashover may be defined as the sudden and
rapid wncentrolled growth of fire from a relatively small area surrounding the ignition source to the
remainder of the cabin., Typical C-133 test data exhibiting this behavior are shown in figure 4.
Before the onset of flashover, stiich cccurred st about 150 seconda, the smoke and toxle gas levels
were minimal and survival was clearly possible. After the onset of flashover, smoke and toxlc gas
levels and temperature increased rapldly 0 a level that would have made survival highly wnlikely.

It should be noted that flashover is a phenomenon that generally occurs when fire in an
enclosure generates heat at some critieal rate that is effected by heat transfer and ventilation.
Flashover to a large Gegree is caused by the heat release rate of burning interior materials. Thus,
a rate of heat release test methodology will tend to yield the contribution of a given material to
the flashover event. Also, selection of interior materials on the basis of minimizing heat release
rate also serves to lmplicitly reduce the cabin smoke and toxic gases hazards since it is the
flashover event that generates hazardous quantities of combustion products (figure 4).

Several studies were conducted to correlate the performance of composite panels in a heat
release test device and under realistic cabin fire conditions. Initially, a variety of laborztory
flammability tests were evaluated in terms of panel performance with results in a 1/l-scale cabin
model (21). The Chioc State University (0SU) rate-of-heat-release apparabus exhiblited the best
correlation with medel fire test results. Although probably any of the available heat release rate
tests would serve to yileld the flashover potential of various panel materials, the OSU apparatus was
selected specifically for further evaluation and development. The decision to select the OSU



apparatus was based on the above correlation study as well as recomnendations of the SAFER comnittee
(2), the use of the OSU apparatus in the development of the Combined Hazard Index (22), the
availability of the 0SU spparatus with the airframe marufacturers and its standardization by the
American Scciety of Testing and Materials {ASTM). A second study corroborated the earlier good
correlation results in that it established an inverse relationship between heat release measurements
in the OSU apparatus and the time-to-flashover of & series of composite panels evaluated in the full-
scale £-1%3 test article under postcrash fire conditions (23).

The second correlation study involved £-133 tests of five composite panel constructions under a
scenario consisting of an external fuel fire adjacent to an open door. To reslistically evaluate
panel performance, the flat panel test specimens were installed in a typical configuration that
included sidewalls, stowsge bins, a ceiling and partitions {figure 5). In this arrengement, other
factors such as ease of ignition and flame spread rate for the panels, as well as the contribution of
fire-blocked seats and carpet, were allowed to come inte piay. The results of these tests are shown
in figure 6 as en FED history plot. The graph indicates a wide range in behavior for the five types
of panels. The phenolic/}{e*«'lz':\::‘Im and epoxy/fiberglass panels displayed the earliest flashovers,
wheress the phenolic/fiberglass panel delayed flashover by about 3 mirmutes. Moreover, there was a
menotonic, inverse relationship between heat release measured by the OSU apparatus and time to
flashover. 4130, the data indicate that small changes in heat release by materials may result in
large changes in the time to cabin flashover.

The actual c¢riteria for material selection were driven by the level of benefits evidenced by
full-scale testing. The phenolic/liberglass panel tested well under virtually any test congition
{23), and this construction was achievable by state-of-the-art manufacturing processes. Thus, the
phenolic/fiberglass panel was used as a benchmark for selection of the performance eriteria for OSU
testing of panel materials. # pass/fail criterion of 65 kw-min/m? for a 2-mimite total heat release
was selected to embrace the performance of the phenolic/fiberglass panel. &n additional criterion of
65 kw/m? for peak heat release rate was included to eliminate usage of those materials that burn
rapidly but produce small quantities of heat because of their low weight. The final rule also
contains a new regquirement for smoke emission testing in order to minimize the possibility that
emergency egress will be hampered by smoke obscuration {5).

4 schematic of the 03U apparatus is shown in figure 7. The equipment is basically a flowthrough
device that measures the heat reledse rate as a Nunction of Lime by a material subjected to a preset
level of irradiated heat. Although the relationship between heat release rate data measured by the
050 apparatus and cabin fire conditions was demonstrated, the OSU data have been found to be
sensitive to certain design features and operational conditions. Three round-robin test programs
between FAA and the United States Aerospace Industries Assoclation {AIA) were necessary to reduce the
reproducibility of data between laboratories to an acceptable level (24). Results from the third
round robin, with Boe , Douglas, OSU, and FAA as partiecipants, however, indicate that consistent
results are attainable (figure 8). For example, the reproducibility of the third roumd robin, as
measured by the percentage average relative standard deviation, was 7.7 and 7.8 percent for total
heat release and pesk heat release rate, respectively (24). Moreover, in a more recent round robin
involving Fad and four laboratories in Furope, the reproducibility was quite acceptable after the
initiel comparison - 5.4 and 10.9 percent for total and peak measurements, respectively.

CARGO LINER BURRTHRCUGE RESISTARCE

Lower cargo compartments in large transport aircraft are categorized as either class £ or class
D types {$1). The latter are small compartments designed for fire containment by oxygen starvation,
while the former are larger compartments that are required to have & fire detection and suppression
system. FAA conducted full-scale fire tests to investigate the resistance of cargo liners to flanme
penetration for both conpartment classifications. In a class D compartment, where it is critical
that liners not be breached in order to allow oxygen starvation to take place, it was found that some
types of liners falled (25). FPiberglass liners resisted burnthrough, whereas Nomex liners were
penetrated by the flames (figure 9). It was concluded that a class D cargo fire was controllable if
fiberglass or equivalent were the liner materials; but, if Nomex were used, the fire would continue
to burn because of the availability of oxygen due to liner failure. In tests conducted inside a
class € carge compartment, even with a detection/suppression system, liner burnthrough resistance
equivalent to fiberglass was required to ensure fire suppression under all scenarios (26). For
exanmple, Kevlar liner burnthrough cccurred when sudden, intense flaming fires were employed and when
a time lapse was allowed between the points of detection and discharge of suppression agent.
tlthough the fire may be suppressed by the agent, it was determined that the breached cargo liner
would cauvee a more rapid depletion of agent concentrstion and re-ignitien at an earlier point in time
than in an intact compartment. The main conclusion from the testing was that s more realistic and

severe test requirement was needed for cargo liners used in both class © and class D carge
compartnents.

4 new fire test method that measures the burnthrough resistance of carge liners, shown in figure
10, was developed with the festures of severe liner exposure (matching the maximum heat flux and
temperature measured during full-scale tests] and realistic ceiling and sidewall liner orientation
{27). This test method is the basis for more stringent test requirements in newly certified aireraft
(6) and 2 similar proposal for certain transports now in service (28). SCriteria for acceptance are
that there must be no flame penetration of ceiling and sidewall specimens and that the temperature
measured above the celling specimen must not exceed 400 °F. Tnhe flame penetration criterion can be
met by fiberglass liners but not by Nomex or Kevlar liners (27). Bowever, many [iverglass liners
cannot meet the peak temperature criterion because of the type or weight of resin and type of cloth
weave {29}. It appears that fiberglass suitably tailored to meet the peak hemperature criterion will

be the material of choice for new burnthrough resistance requirements although several new materials
or combinations are being studied.



: In a'more recent;-scparate action, the FAA has proposed a.new airvorthiness directive (4D)-for
Neombi? airplanes certified with & main .deck class B .cargo compartment (30). This action was
proupted by the loss of a 47 eirplane that apparently developed a major fire in the main deck cargo
coopartment. The AD prépeses design chenges that would require that the class B compartments be
modified to a cless C configuration or that burnthrouvgh resistant cargo containers, meeting the more
stringent test requirements for cargo liners (&) and employing smoke detection and extinguishing
systems, be used to carry all cango.

RADTANT HEAT RESISTART EVACUATION SLIDES

In 1978, a DC-10 experienced an sborted takeoff resulting in a major jet fuel fire and the
resultent collapse of a deployed evscuatlon slide ceused by radiant beat demage. Although the two
fatalities were not attributable to loss of the slide for emergency egress, the FaA undertook a test
end development program to improve the rediant heat resigtance of slide fgbrdcs. From a serles of
full-gscale fire teats in which pressurized slides were subjected, at varlous distances, to a 30-
foot-square fuel fire, it was determined how slides failed and the time duration for fallure (loss of
pressurization} to occur (31). TFor example, & typicel urethsne nylon slide, located 15 feet from the
edge of the fuel fire, where the irradiance was 1.5 Btu/ftZ-sec, failed in 25-3%0 seconds on the plain
surface {non-geam areaz). Alsc, it was shown that an aluminized reflective coating significently
improved the airbolding quelities. The uncoated urethsme nylen slide that failed in 25-30 seconds
held pressure for T0-T5 seconds when protected with an aluminized coating and loss in pressure
cccurred at an opened seam.

To permit the development and qualification of improved slide fabrics, a laboratory test was
developed (31). The essential features of the laeboratory test, shownm in figure 11, are a radisnt
heater, calorimeter, pressure holding c¢ylinder, specimen holder, pressure gege, pressure transducer,
and recording device. Basically, a slide fabric specimen is mounted to the pressure holding cylinder
which is then pressurized. The irradiance to the specimen is set by the calorimeter. Pressure
holding capability of the speclmen at the set irradiance level is determined by the recorded pressure
history.

Cn June 3, 1983, FAA issued Technical Standard Order (TS0}-06%a, Emergency Evacuation Slides,
Ramps, and 8lide/Raft Combinations, which made genersl improvements to the equipment requirements and
contained new requirements for radisnt heat resistance (7). TS0-C6%a required that all evacuation
glides purchased af'ter December 3, 1984, meet the new standards. For radisnt heat resistance, the
requirement 1s retention of pressure for 90 seconds at an irrediance of 1.5 Btu/ft2-sec. The
pressure holding members of all TS0-spproved inflatable evacuation slides are now constructed of
aluminized materiala in order to provide adequate radiant heat resistance.

SMOEE DETECTORS AND FIRE EXTINGUISHERS

As the result of investigations of in-flight fires, including the Air Canada DC-9 on Jime 2,
1983, (that resulted in 2% fatalities) and an inspection survey of the United States alr carrier
fleet, the FAA amended the FARs with the following requirements: a smoke detector in each lavatory,
an autamatic fire extinguisher in each lavatory tresh receptacle, increased mmber of hand fire
extingulshers, and the use of Balon 1211, or equivalent, es the extinguishing agent in at least two
of the hand fire extinguishers (8). A separate tlme period was specified for implementaticn of each
requirement, with the longest perled extending to april 29, 1986.

FAA supportive experimental end enalytical studles for these smended regulations have
concentrated on the effectiveness and safety of Halon 1241 (bromochlorodiflucromethsne) hand
extinguishers. Initlal tests ahowed the superiority of Halon 1211 in lmockdown and extinguishment
capability sgalnst fuel drenched sest fires in comparlscon to water, dry chemical, end carbon dloxide
ext re. However, opposition to the ussge of Halon 1211 centered on the toxicity associated
with the egent end, in particular, ite decomposition products. Subsequent tests by the FAA clearly
showed that virgin egent and decomposition gas concentrations pesked st levels significantly below
values considered dengercus and rapidly dissipated due to the effect of adsorption, stratificaticon,
dilution, end ventilation (32}. Typicel ges profiles measured near en extingulehed seat fire in the
C-133 test article are shown in figure 12. Hydrogen fluoride (BF) end hydrogen bromide (HBr)
concentrations peaked at about 10 parts per million (ppm}, hydrogen chloride (BC1) peaked at 17 ppum,
end the peak virgin agent concentration was 1800 ppm {0.18 percent). Most importently, it became
evident that the hazards assoclated with an uncontrolled seat fire would quickly surpass those
transient hazards resulting from Halon 1211 decomposition {32) end would possibly result in cabin
flaghover within 3 to 4 mirutes if left unchecked (1%).

To place a conservative upper limit on the quantity of agent that could safely be discharged
inside a compartment, & perfect stirrer model was used to enalyze the decay of agent concentration
due to ventilation (33). Nomographs developed from this analysis predict maximm safe agent welight
for a given compartment volume and ventilation rate and are incorporated in a revised advisory
eircular (A3) on hand fire extinguishers (34).

In related studles, the FAA hss examined the safety of Balon extinguishing agent dlscharge in
small airplanes (35,%6,37). A major concern is the warning lsbel on Halon bottles sgainst discharge
in a small enclosure volume. For example, for the common size 2 1/2 pound Halon 1211 extinguisher,
the upper volume limit for "safe" agent discharge is 312 cublc feet. However, FAA tests conducted
under simulated flight conditions in a Cessna 210 with a cabin volume of 140 cubic feet clearly



demcnstrated that both Halon 1211 and Halon 1301: ¢ould be safely discharged in this relatively small
airplane cabin (35,%5). The sbsence of significant concentrations of sgent near a seated occupant
was shown $0 be primarily the result of accwmilation of the heavy agent near the floor and, to a
lesser degree, high cabin ventilation rates. Apparently, the Halon bottle waming labels are based
¢on safely factors for human exposure as well as sssunptions of zerc ventilation and homogenecus agent
distritotion. Fire fests conducted inside a Piper Commanche airplane also demonstrated the
effectiveness of Halen 1219 and Halon 1301 in extinguishing hidden electrical and hydraulic fires
behind an instrument panel (37). In summary, the safety and effectiveness of Balen hand-held
extinguishers has been demonstrated for both large and small airplene cabin applications.

FLOGR PROXIMITY LIGHTTRG

Rapid passenger evacustion is the moat critical end overriding consideration in posterash cabin
fire safety. Buoyent hot amcke from a cebin fire, however, clings to the ceiling and rapidly
obscures conventicnal celling mounted emergency illumination and exit signs, thereby reducing the
visibility of ceccupants and prolonging evacuation time. The resultant reduction in visibility and
escape guidance often ccours when the lower portion of the cabin is relatively free of combustion
products. FAA tests have demonstrated the effectiveness of emergency lighting placed below the smoke
layer in the proximity of the cabin floor. In one atudy, the improved visibility of floor proximity
lighting systems, including lights mounted on arwmrests, floor mounted electroluminescent lights and
self-powered betalights, was evidenced during full-scale posterash cabin fire tests (38). Another
study translated the improved visibility of low level lighting to faster evacuation rate (39).

People were able to evacuate in approximately 20 percent less time from a cabin simulator filled with
stratified theatrical smoke when seat mounted lighting illuminated the main aisle than from the
similator with conventional ceiling 1ights. In & third study, the degree of merit of 11 improved
emergency lighting systems was eveluated on the bhagis of illumination, relisbility, cost, and other
parameters (40).

The final rule, published on October 26, 1984, required {loor proximity emergency escepe path
marking to enable passengers to visually identify the emergency escape path along the cabin aisle and
to readily ident each exit by reference only to markings and visual features not more than 4 feet
sbove the floor (9). 4ll in-service airplanes, type certilicated after 1958, were required to comply
with the new design standards within 2 years, or by November 26, 1986. Tssuance of the rule was
followed by an advisory cireular (AC) to provide guldance material for use for demonstrating
complisnce with the floor proximity lighting rule (41). The AC clarified, by example, systems that
could or would not meet the requirements of the rule. To meet the requirements of 25.812{e}(1) for
markings that enable each passenger to visually identify the emergency escape path along the cabin
atsle floor, the AC stabes that the system must provide a reassonable degree of illumination over the
entire length of the escape path along the aisle floor. A distant light at an exit that allows the
escape path to remain essentielly dark would not be acceptable. Also, the requirement to readily
identify each exit by reference only to markings and visual features not more than 4 feet above the
floor would not be met by a system that provides only general diffused light in the vicinity of the

exit or a system which merely marks the fore and aft location of the exit along the alsle floor, and
not the exdt itself.

CREWMEMEER PROTECTIVE EREATHING EQUIPMERT

Protection of crewmembers against smoke and toxic gases produced by sm in-flight fire includes
fixed protective breathing equipment (FEE) for flight deck crewmembers and portable PEE for cabin
crewmembers. (Oriteria for design of flight crewmember FEE are contained in TS0-C99 (42) snd include
requirements for testing masks snd/or goggles for smwoke lesksge. Portable PEE for cabin crewmembers
is required for all transport sircraft by July 6, 1989 (10). PFasically, a portable PBE must be
Jocated at each approved harnd-held extinguisher station.

FIRAL COMMERTS

In recent years the FAA has issued an unprecedented series of new standards to improve fire
safety in transport aircraft. Many of the new standards are products of FAA's research, engineering
and development (R, E & D) program. The use of fire blocking iayers for seat cushions and low
heat/smcke release interior panels are expected to furnish the greatest gains in airliner fire safety
from these standards. However, it is unlikely that further improvements in fire safety from even
more fireworthy interior materials can be anticipated in the foreseeable future due to the fact that
the new, stringent FAA fire test requirements, especially for interior panels, are driving technology
to produce suitable composite designs., Exclusive of fuels and fuel systems safety considerations,
additional improvements in aircraft fire safety are more likely from current R, E & D activities
related to active fire protection, such as cabin water mist fire suppression or enhanced smoke
venting.
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SUMMARY

The paper presents a broad overview of current research in the UK into cabin safety
with particular emphasis on fire research. The status of passenger protection
equipment is reviewed and work in the UK on cabin water sprays is reported on. Work on
fire blocking layers and small scale tests for the measurement of heat release from
aircraft furnishing materials are discussed along with the suppression of fire in cargo
compartments. Other topics include work on the mathematical modelling of aircraft
cabin fires and on the human facteors side., a study of the behavioural aspects of
passengers evacuating an aircraft in a competitive situation.

INTRODUOCTION

The Civil Aviation Authority (CAA) are supporting a programme of research activities in
the UK designed to improve cabin safety and passenger survivability with particular
reference to the on-board fire situation. Some of the mazjor items from this programme
are as follows:

DASSENGER SMOKE HCODS

The CAA has collaborated with all interested parties to produce a rigorous
specification against which equipment can be approved. This collaboration has resulted
in CAA specificatien No 20 being issued in May, 1988 which sets out the minimum
performance reguirements. These cover the ease of donning, vision, duration and level
of protection, workload, respiratory resistance, inhalation temperature,
communications, reliability, storage and fire and thermal resistance.

In conjunction with the Airworthinss Authorities of the United States (FAA), France
({DGAC) and Canada (Transport Canada) the CAA carried out a study to assess the safety
benefit of smoke hoods and any likely offset due perhaps to delays in evacuation
induced by their use. The Study was conduction by reference to past accidents to large
(more than 30 passengers) passenger aircraft since 1966. The Study took into account
the improvements in safety already provided by fire blocking of seats, floor proximity
escape path lighting, lavatory smoke detectors and fire extinguishers. The results of
this Study were published in November 1987 as a CAA Paper {Reference 1) which concluded
that the provision of effective smoke hoods in public transport aircraft of more than
thirty seats would result in a modest saving of life of the order of nine per year
world-wide. It also concluded that if smoke hoods were to provide even a modest
benefit they would have to be of a very high quality not only in terms of the
protection they provide but also in terms of ease of use.

The CAA has a serious concern that, in some circumstances, smoke hoods might cause more
loas of life than they save. In some severe fire accidents where some passengers are
shocked andfor injured, and the cabin situvation is perhaps fast deteriorating, it is
unlikely that a high proportion of passengers {with varying degrees of manual
dexterity) can be relied on to don this unfamiliar and unnatural equipment. Not only
might individuals place their own lives at risk by lingering in the cabin trying to put
on the hood correctly when they should be escaping, but they might also delay others.
Indeed there could be loss of life in circumstances where a rapid evacuation without
hoods would not have resulted in fatalities. It was therefore the unanimcus view of
the group of Authorities {(CAA, FAA, DGAC and Transport Canada) not to make the
provision of smoke hoods for passengers mandatory, but the CAA has decided to keep this
decision under review.

FIRE BLOCKED SEATS

The CAA has been concerned that the performance of fire blocked seats may deteriorate
with wear, soiling and repetitive dry cleaning of the seat coverings. A small
experiment was carried out using the standard FAA burner test (Reference 2) where the
fire blocking performance of a number of seats taken out of airline service
representing fairly heavy wear and soiling were compared with new seat cushions of the
same type. The results were not statistically significant and a rigorous analysis
showed that a sample size of over 400 seats would be necessary to obtain statistically
significant results. This has strengthened ocur view that a small scale test would be
useful to monitor the fire performance of seats in service.
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A small scale test would also be useful to the seat manufacturers as a guality control
test for the fire performance of each batch of newly manufactured seats. A UK seat
manufacturer has been approached to provide a number of small samples and it is planned
to use a small scale test developed in the UK (Reference 3) by the International Wool
Secretariat to further investigate these areas.

RATE OF HEAT RELEASE

A programme has been established by the CAR to assess the variability of the resuits
obtained from the Chic State University (05U) rate of heat release apparatus,
(Reference 4). The object of the evaluation programme is to provide a comparison of
the performance and test results between organisations in Burope using the OSU
apparatus and the apparatus located at the FAA Technical Centre in New Jersey. A
nupber of test houses in Europe are participating in this activity. The CAA are also
keeping abreast of the developments of the Cone Calorimeter {Reference 5) which is
gaining popularity in test houses around the world and it is hoped to evaluate this
apparatus on a number of aircraft cabin furnishing materials.

TESTING OF AEROSQOLS

Previous tests on the flammability and explosion characteristics of aerosols indicated
that these would not present a major hazard to aircraft, however new developments are
that some aerosols are now being produced with a plastic body rather than a metal one
and the majority of aeroscls now contain flammable hydrocarbon propellants. It has
therefore been decided té carry out some further tests on aerosols to determine mere
accurately the ambient temperature for rupture, to look at aerosols rupturing inside
luggage and to look at impact damage on aircarft wiring looms and hydraulic piping.
Also of concern is the likely overpressure resulting from the rupture of an aerosol in
the toilet compartment, the luggage hold and the passenger cabin. This work is being
carried out for the CAA by the UK's Fire Research Station.

MATHEMATICAL MODELLING OF AIRCRAFT FIRES

The Centre for Numerical Modelling and Process Analysis at Thames Polytechnic in the UK
are carrying out development work on mathematical field models describing aircraft
cabin fires. Mathematical modelling offers a cheaper and more general alternative to
the experimental approach, provided that the models can be reliably validated. The
effect of various openings in the fuselage on the temperature distribution within the
aircraft cabin are being studied. Preliminary results show that with the forward and
aft bulkhead doors open, allowing for patural convection, temperatures are kept much
lower than in a sealed cabin. Results also suggest that reverse flow alir conditioning
{ie, cold air injected at floor level and hot air sucked out at ceiling level}
dramatically reduces the temperature throughout the fuselage. Further work is
continuing and it is hoped to investigate more sophisticated models using heat release
and smoke and incorporating the effects of a water spray in the cabin,

CAGRO COMPARTMENTS

Research has been carried out by Graviner Limited to evaluate the single shot, double
phase cargo fire suppression systems in class C compartments and fire growth in smaller
class D compartments without fire suppression. Preliminary conclusions indicate that:

Halon 1301 at an initial concentration of 5% with a 3% bleed can control but not
extinguish deep-seated fires inside a Class C cargo compartment.

Variation in “"Reaction Time" by the crew from 1 to 2 minutes from detection of a

fire to initiation of the suppression system has no significant effect on the
control of the fire.

In both suppressed and unsuppressed fires there is a considerable build-up of

combustible gases and explosions can occur when these gases are ignited by the
heat of the fire.

Both flame and smoke detectors were studied during the test programme and

circumstances can arise where one system would not alarm. It may be necessary
to consider using both systems.

COMPETITIVE PASSENGER EVACUATION TRIALS

The Applied Psychology Unit of the College of Aeronautics, Cranfield, UK, have run a
comprehensive programme to study the behavicural aspects of passengers evacuating an
aircraft with an element of competition. Each trial has about sixty people in a
Trident aircraft and incentive payments are made to the first thirty people to vacate
the simulated emergency. The study considers the effects of different seating
arrangements adjacent to the auxiliary overwing exits and varying widths of bulkheads
leading to the vestibules at the wmain door exits. It is already apparent that in a
competitve situation serious blockages can occur at the auxiliary overwing exits but
preliminary results suggest that the changes made by the CAA Airworthinss Notice 79
have significantly improved the situation. Similarly, the study of bulkhead
configurations has confirmed an increase in passenger flow rate, and reduction of
jamming, as the bulkhead gap increases. However, the results of the whole programme
need to be assessed before an optimum configuration can be determined.



CABIN 'WATER SPRAY SYSTEMS

A post-crash:fire suppression-system, internal to -the fuselage has been developed in
the UK with the design objectives of: :

Delaying the penetration of an external fire, through the skin of an aircraft
into the cabin interior.

Minimising the combustion of the cabin furnishings.
Preventing "flash over" fires from occurring.

Delaying the transfer of combustion products, including toxic gases, into the
occoupied areas of the cabin.

Providing a level of "clean up" of combustion products such that breathing and
sight are not severely impaired in the occupied spaces of the cabin.

And

At a later stage of an accident enable the rescue services to extingpish any
fire in the cabin and improve further the environment and thus enhance the
chance of survival.

The company (SAVE Limited) carried ocut its development work in the laberatory and in a
VvC10 fuselage. This work showed sufficient promise for the CAR to decide that a
demonstration was appropriate in a fully furnished aircraft. Three fire tests of the
system were carried out on a fully furnished Trident II at the Fire Service Training
School at Teesside. The first fire test represented an external pcool fire developing
under the rear of an undamaged azircraft comparable to the fire in the Manchester
accident. The second fire test was a repeat of the first fire but on an aircraft
having suffered significant structural damage allowing the fire early access to the
alrcraft interior. The third fire was a "worst-case" test with the system partially
disabled allowing a major fire to develop within the rear fuselage, but without the
venting of smoke, toxic gases and heat that would be expected if the aircraft had
suffered the fuselage break necessary to damage the system.

The results of these tests have been published as a CAA paper (Reference 6) and it is
concluded that:

The tests have shown that the system delayed substantially the penetration of
the fire into the aircraft and maintained a cabin environment which would have
permitted safe evacduation. Even with an improbable combination of an intact
cabin upper Section and a damaged spray system, neither temperature or loss of
visibility would have prevented passengers from escaping. Whilst toxie gas
levels built up in the sprayed spaces the system, nevertheless, substantially
increased the chance of passenger survival.

Work should be undertaken t¢ investigate the application of the system and its
effectiveness in a wide bodied aircaft. Further investigation is also needed to
understand more precisely the system's ability to control the build-up and
migration of toxic gases.

The CAA has Xept the US, Canadian and European Authorities informed about the progress
of this research. A collaborative programme of further research between the UK, US and
Canadian Authorities has been established and it is expected to include other European
Authorities in the near future.

CONCLUS IONS

The CAA is supporting a wide ranging research programme into cabin safety and fire
research. A major activity is now aimed at maintaining a syrvivable cabin atmosphere
through the use of interior water spray systems and a large amount of research has been
carried out. This is supported by a programme of smaller, detailed investigations of
appropriate fire technologies.

In addition an important, on going programme is underway to gain a clearer
understanding of the human factors aspects of cabin safety. This work is intended to
provide guidance both for the design and operation of aircraft.

There are no easy panacea scluticns to the preoblems of fivre and cabin safety but the
CAA is dedicated to playing its part in a worldwide assault on these problems with a
broad range of research activities.
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SUMMARY

German activities in aircraft cabin fire safety started in the early 1980's, high-
lighted by a full scale test in 1986, simulating an aircraft in-flight fire in a modern
widebody fuselage. Beginning with a statistical analysis of in-flight fires in the pe-
riod 1970-82, the paper presents the efforts from the polifical side to improve sircraft
fire safety and outlines the philosophy why Germany concentrated on in-flight fire re-
search, It describes the consequences drawn out of the studies and test results for the
design of aircraft cabin interiors and for post-crash fire situations. Finally, a view
to future activities, including full scele compenent tests, is presented.

7. INTRODUCTION

An overall view of safety in world-wide air traffic is characterized by the statistical
mean value of one killed passenger per 1.2 billion passenger-kilometers. Or in other
words: An aircraft passenger has to fly daily for about 8 hours for more than 500 years
before he meets the probability 1 of being killed by an aircraft accident. Looking to
these figures - is it really worth improving aircraft safety any further?

In the 1970's the German Federal Minister of Transport, in cooperation with the German
research institution DLR and the aircraft manufacturer MBB, began to analyse the present
knowledge in the field of aircraft fire safety and started to define items, which in
his opinion needed further clarification. In the frame of these pre-considerations the
ICAQ flight sccident statistics was analysed for the period of 1970 to 1982 (Fig. 1).

100% 100%— 100%ET i - geins
T :%% ngines
Sa%kitted [[Sa et ke MU e
21X erecte mt.
— inj 105 | smoe 10 cadin
41% lights with 6% finjured  [10%]smoketa ca
injured cabin
o klll]ed Basunhart  (8Katex ok conl omeen evs.
39, in-flight 1096 fire sources

fires passengers & locations

1 |ANALYSIS OF 39 IN-FLIGHT FiRES 1970-82

During this periocd in-flight fires occurred on 39 flights. 16 flights (out of the 39),
with in total 1096 people on board, were combined with perscnal damages of the passen-
gers. From these people - and this is a most awful result - 54 % lost their lifes through
fire, another 8 % got hurt, and only 38 % remalned without Iinjuries. The statistics alsc
showed that slmost 50 ¥ of all in-flight fires occurred in the aircraft cabin. One need
not remind of the well-known catastrophic aircraft fire accidents of Paris in 1973, of
Jeddah, Cincinatti, or Manchester later on (presented in details in the paper no. 2 of
Mr. A.F. Taylor) to come to the straight forward cenclusion that aircraft fire safety

is a pre-dominant area for improving overall aviation safety.

2. POLITICAL EFFORTS TO IMPROVE AIRCRAFT FIRE SAFETY

It was in 1982, when the Committee on Transport of the European Parliament discussed
safety measures on aircraft, leading to a resolution of the European Parliament on
Dec. 17, 1982. This resolution emphasized the problem of flammability and toxicity of
the materials used for the interior equipment of civil aircraft, and requested to re-
consider the safety regulations and standards.

This Eurcpean resolution was accepted by the German Federal Parliament on Sept. 14,
1983, and the German government was consequently asked to undertake all efforts towards
2 fulfillment of the European recommendations.
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2 | HMISTORY OF GERMAN FIRE SAFETY EFFORTs | BMY

Already before these Buropean initiated activities, the German Federal Minister of Trans-
port and the German Afirworthiness Authority started discussions by the end of 1981 with
the MBB company, the German partner of Airbus Industrie. The aim was to contribute to

an improvement ¢f fire safety in civil aviation by research activities in areas to be
selected.

In the following years, the Minister of Transport awarded several contracts to MBB and
the DLR (then DFVLR), with the aim to improve the test methods for fire safety and
smoke density, in order ito come to more precise requirements for cabin materials. These
activities were later on extended on investigations about the toxicity of emitted fire
gases, highlighted by a full scale test in June 1986, using a modern wide-body passen-
ger aircraft fuselage. Since 1984 the German Government and the FAA have agreed te co-
operate on the basis of a "Memorandum of Understanding" in certain areas of mutual in-
terest in aviation, one areca being Ycabin fire safety".

3. CONSIDERATION OF IN-FLIGHT AND POST-CRASH FIRES IN AIRWORTHINESS REQUIREMENTS

Since decades the Airworthiness Authorities tried to lmprove the survivability of air-
craft occupants during fires within an aircraft and to develop the fire safety stan-

dards. A rough overview of the history of regulations for large commercial transport
aircraft is given in fig. 3.

FAR 25
Amerdments
LR - ] T2 5 54 5 08
—-_a t tk j]_l__lj —I 1 r malall sk | IT1I 1 1 ‘I FHI T 1 b
o7 S -] | 53
COMPT. INTERIORS ] i
eril orit (Setalle} waste rec. went cush, | et rdeas.
AL UL | - grnoh, plas. 00 ESES
mat INL‘.: of
Ramm, orit npul Bedeg
inga
FRE EXTIN e eningasn
" wraleng

3 |DEVELOPMENT OF FIRE SAFETY STANDARDS  |ps

Starting from the first more general requirements for flame resistent and self extin-
gulshing materials via more detailed specificaticns for single structural or interior
components and more accurate test metheds, the airworthiness standard of FAR Part 25
amdt. 32 of 1972 has, regarding flammability, reached a level which in its essential
parts is still acceptable teday. However, these standards do not contain eny realistic

requirements for smoke density nor do they cover the toxicity problem of emitted fire
gases.

In 1978 in USA the SAFER Advisory Committee (Special Aviation Fire and Explosion Reduc-
tion) discussed among other things the chances to survive post-crash external fuel-fed
fires. Four years later full scale fire tests were carried out at the FAA Technical
Center, using a military Hercules C-133 aircraft fuselage. Comparing the results of the
investigated post-crash and in-flight fire scenarios, the FAA found that the in-flight
fire scenaric was the least severe of the various scenarios studied. Depending on the
installed cabin materials for the in-flight fire scenaric a flashover, which is prac-

tically net survivable, occurred only 8 minutes after having started the fire or even
not at all.

The outcome of the various laboratory and full scale tests were transferred into the
airworthiness requirementis for civil transport aircraft with the obvious results that
under the tested conditions smoke generation and toxic gases play no essential role



concerning :survivability up to the time when a flashover occurs. With.other.words: The,
airworthiness requirements give way to the interpretation that for both, poét-crash ag
well as inZflight fire, 'the probability for cccupants to survive ¢an be improved by
delaying the flashover, which in turn can be reached by limiting the heat-release rate
of the installed burning materisals.

4. WHY GERMAN STUDIES ON AIRCRAFT IN-FLIGHT FIRES ?

Discussions within variocus German industrjal and research institutions on the complex
physical and chemical interconnections during such fires raised many questions. For
instance, one basic problem, the ranking concerning survivability of the highly dan-
gerous paramelers

oxygen deficiency (for breathing)

temperature .

toxic gases

smoke generation
was not clear, especially in the context that the airworthiness requirements do not make
reference to all of those parameters.

SURVIVABILITY FULL SCALE TEST
PARAMETERS Calues after 2 min)
oxygen down to 2%
temperature up to 1000 *C
taxic gases far above lelhal dosis
smoke zero  wisibility
4 SURVIVABILITY IN IN-FLIGHT FIRES E;':’s

To highlight the situation: The German full scale test, mentioned before, showed that
after 2 min. a passenger would be suffocated, and burned, and polsoned, and that all in

an atmosphere full of smoke, where the deplorable victim is not able anymore to see hils
hands in front of his eyes.

In addition, ¢cne was not really convinced that the fire safety requirements existing at
the early 1980's in practice covered both, post-crash sand in-flight fires, because
their scenarics are so different.

POST-CRASH FIRE (N-FUGHT FIRE
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atter 2 min. Detoce anding ?
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5 MIRCRAFT CABIN FIRE SCENARIOS A

For post~crash fires the time for which the fuselage siructure must sustain the fire can
be assumed to be in the order of 5 minutes, whereas the time intervall before the fire
can be attacked from external sources will be 2 min., and the passengers have been eva-
cuated from the aircraft within 90 seconds (according to the regulations). Concerning
in-flight fires, one must face the fact that for instance on continental flights a fire
has to be restricted as far as possible to its logation where it has started for at
least 20 minutes (on intercontinental flights in the order of 180 min.), and during this
time the fire must not endanger the safe operation of the alircraft and the lifes of the
occupants. Help from the outside is not possible before landing.

According to the experiences and test results, some of the comments related to the FAA

full scale test in 1984 simulating a post-crash fire, like

- a safe evacuation of ‘the cabin is possible until the time when a flashover occurs,

- the mutual dependence of flammability and smoke generation does not necessitate sepa-
rate test methods,

- the amount of toxic¢ gases, generated before a flashover occurs, is below the lethal
dosis,

have at least to be put inte guestion for in-flight fires.
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APETt ‘fromthese pure ‘technical -considerations the German side felt especially respon-
sibleé “for ‘the development of.aircraft fire safety, because the MBB company manufactures
among other things the complete interior-layout for all Alrbuses. ’ '

5. LABORATORY TESTS

To ensure that the interior components (e.g. hatracks, seat cushions, linings, foldable
tables, carpets etc.) used for the 1:1 scale in-flight fire test comply at least with
the applicable requirements, a series of accompanying lab tests was defined. The follow-
ing fig. 6 summarizes the most essential ones.

~ FLAMMASILITY FAR 25853 Am. 32
{bursen burner test)

~ NBS- CHAMBER Alrtus Specificalion
smoke densily ATS Y00
toxic gases

- 05U - CHAMBER heat fhox 35 & 5 Wiend

- QIl_ BURNER TEST FAR 25853 Am. 58

(seat fice blocking layer)

- FULL SCALE COMPONENT | determinaton of
TEST fire source

TESTS/ TEST EQUPMENT | PURPOSE OF TEST {
ESTS/TEST EW REDUIREMENT

5 LABORATORY TESTS oy

While the existing airworthiness requirements at that time asked for the Bunsen burner
test only to show compliance with the flammability requirements, in addition lab tests
related to smoke density and toxicity values of the emitted gases were performed on the
basis of the requirements of the Airbus internal specification ATS 1000.

Furthermore, all main parts installed in the cabin were tested in the QSU-chamber (Qhio
State Unigersity) to show compliance wlth the Eeat release requirement "100/100"

{100 kW/mn° maximum within 5 min., 100 k¥ min/m“ integral value for the first 2 min.),
which became valid by mid of 1986, and the more severe "65/65% heat release limit, re-
quired by mid of 1990. Te be in the position to evaluate how the matertals of the in-
stalled parts and components alter their behaviour, if they are exposed to a fully de-
velopped fire with higaer heat load, the 0SU-chamber tests were conducted with a heat
flux of 3.5 and 5 W/em“. To check the effect of the fire blocking layers in seat cushions
{requirement since Nov. 1984), they were tested in an oil burner test. The wain parame-
ters for the fire source (e.g. fire duration), to be used in the 1:1 scale test, were
determined by a number of full scale component tests.

During the evaluation of the final) in-~flight fire test results it turned out that some
of the components in the cablin, like linings, seat arm rests, and foldable tables, con-
tributed to the propagation of the fire and above all to the generation of smoke and
toxic gases to an unexpected extent. It could not be foreseen before the full scale test
that such a small portion of material of the interior eguipment played such a great role
on the high concentration of toxic gases.

6. REMARKS ON THE 0SU CHAMBER

For the determination of the smoke density and of the toxic gas emlssions from materigls
used in aircraft interior fittings, the NBS chamber (National Bureau of Standard/USA)
provides sn appropriate test means. However, this chamber can not be used for heat re-
lease measurements. For this purpo¢se another test equipment, the 0SU rate-of-heat-
release gpparatus (Ohio State University/USA) was introduced on recommendation of the
SAFER Committee. The FAA declared, the 05U chamber would be most representative of
post-crash fire environments, and the ranking of materials from the 0SU tests would be
identical to that cobtained in full scale fire tests.

However, it seems to us that not all guestions arising from the use of the 0SU chamber
have already been solved. For instance, a number of round-robin tests, in which several
US and Buropean O0SU chambers were involved, showed that obviously small differences in
the design of the chamber caused relatively large variations in the test results. Up to
now it can not for sure be excluded that one particular material could be found accept-
eble in one chamber and unacceptable in another one. At least, when the more severe
65/65 heat release requirements come into force in 1990, a good and reproducable accu-
racy is required.

The necessity to use different test facilities for showing compliance with the flamma-
bility, smoke emission, heat release, and toxicity requirements and recommendations

led to & study in Germany to investigate the feasibility of the 0SU apparatus for more
than only heat release measurements. It came out as a preliminary result that the Q8SU
chamber could be extended without major problems for smoke density measurements, and in
principle alsc for analysing toxic gases. However, this task is not followed anymore at
the moment and stays as an open guestion to be studied in more details in the future.
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73U SURVEY ON: THE_:E‘U'_LL‘ SCALE IN-FLIGHTFIRE TEST

Thé'tégt“gét-up'and the results will be presented in details by a separate paper (Full
Scale® Study of a Cabin Fire in an A300 Fuselage Section, K. Dussa, R. Fiala, R. wagner,
B. Zensus/DLR Germamy). Summing up the test conditions, the simulated in-flight fire
scenario was close to the real flight condition during a fast descent phase, with the
air condition running, and atmospheric pressure inside the cabin before the fire started.
As fire source, & burner was positioned between the side wall panel and a seat, thus
simulating a fire breaking through the cabin floor from a cargo hold below into the
cabin. The burner was activated for 105 seconds. After it was shut down, the fire pro-
pagated into the cabin by itself. :

The following conseguences could be drawn out of the test results and ocut of the burnt

remains found in the cabin after the test:

- The fire blocking layers of the seat cushions distinctly reduced the total heat re-
lease., However, they could not avoid the propagation of the fire and the occurrence
of a flashover after about 2 minutes.

- The breaking down of hatracks must be avoided by structural means or by the use of
different materials.

- The generation of smoke must drastically be reduced.

- The carpet of the cabin floor could relatively well withstagd the heat. (Immediately
above the floor the temperature did not rise much over 200 “C.}

- The seats eguipped with fire blocking layers were in relatively good condition after
the fire (welght loss below 10 %).

- Due to the temperature peak the survivability of occupants after the flashover is
zero. Additional high danger represent the reduction in oxygen and the concentration
of toxic gases. (For instance, the measured maximum concentration of HCL of 5400 ppm
is far above the lethal dosis.}

8. CONSEQUENCES FOR THE DESIGN OF "FIRE SAFE" AIRCRAFT CABINS

To shift, in terms of time, the life threatening occurrence of a flashover as far as
possible, several structural and design related means are at disposal:

a) The use of appropriate materials with the following characteristics:
heavy inflammable and self-extinguishing,
slow flame propagation,
low heat release,
small generation of texlc gases and smoke.

b) Division of the cabin in several sections,
which are smaller than the volume required for a flashover,
smoke venting in the individual sections.

¢} Immediate extinguishing of the fire under development by using on-board fire ex-
tinguishers:
Determination of the amount of appropriate extinguishing agent in depen-
dence on the fire object, .
flooding of the cabin by an on-board water mist system. (Disadvantage:
Cann't be directed towards a special location, difficult use for the attack
of hidden fires, problems for the passengers.i

9. CONSEQUENCES FOR POST-CRASH FIRES

For fire brigades and rescue squads it is important t% kniow, Iin the case of opening the
fuselage exit doors, that they will be faced with 250 “C hot gases (possibly escaping under
pressure), mixed with a high amount of soot and 3 to 7 % carbon monoxid. The amount of
oxygen can be reduced to 2 %¥. Only efter 4 minutes, that means 2 min 15 sec after having
shut down the original fire source, the visibility inside the complete cabin, also close
to the floor, was reduced to =zero.

The fire brigade, when entering the fuselage by the emergency decors, must be aware that
parts might have been broken down from the cabin ceiling, and possibly openings must be
broken from the outside inte the fuselage structure on other locations. To extinguish

a fully developped cabin fire at least 2500 kg Halon 1211 are necessary.

10. VIEW TO FUTURE GERMAN ATRCRAFT FIRE SAFETY ACTIVITIES

The experiences gained from the lab tests, the full scale test and the study of the
respective literature have shown that some questions can only be solved by further ex-~
perimental investigations. For instance, frequent fire causes, like galleys or toilet
units, were tested in very few cases only. In addition, it is not known until now, how
the air flow in the cabin, caused by the running air condition, influences the propa-
gation of a fire and the smoke generation. Because full scale tests in fuselage sections
are very expensive, further component tests are planned to c¢larify the relation between

air flow rate, air flow distribution, fire intensity, smoke density and smoke distri-
bution.

For this purpose the DLR research institution designed and built a full scale test set
up, reusable for a great number of tests at reasonable costs, with complete seat rows,
galleys etc. The test stand, suitably equipped with a data acquisition system, consists
of a & meter long part of a simulated aircraft cabin. Beginning this year, these full
scale conponent tests will present a major event in German fire research activities.
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The component test stand shall also be used for testing new products almest continuous-
ly offered by the chemical industry and aircraft equipment suppliers (for instance:
new foams for seat cushions). Furthermere, theoretical investigations are intended on
the bhasis of existing calculations on fires in buildings taking into account air flows
in corridors and passage ways.

In aummary, the tasks which will be supperted in Germany during the next years can be
divided into several groups:

1 COMPONENT dTESTS

of interior equipment
combinaliont sanels, atrecks, galleys, tolel unils etc. )

2 AR TESTS (NBS & OSU damber)
new mateclals and componen! structures,
or which fire dala are not yet awailable

3 CORRELATION OF LAB & FULL SCALE

mh@gEEENTDENSpIgM temperature, heat Ffux,
stnoke generalion

4 2™ FULL SCALE TEST ‘
using modern widebody fuselage section

7 | FUTURE GERMAN CABIN FIRE RESEARCH

At least one further full scale test is planned, which however is not yet defined in
detajls. But it is ensured that the existing widebody fuselage section of the first
full scale test can be used for one or €ven two more fire tests.

1. CONCLUSION

Solving the guestions of the phy51c31-chemica1 reactions of fires occurring under the
spacial conditions to which aircraft are exposed, and developping new materials etc.
are not enough to minimise the risk of cabin fires in future eir traffic. More decisive
is the application of all these new means and safety systems by the aircraft manufac-
turers and operators. This is not an easy task, even for new aircraft, because this is
always a question of ¢osts. The transfer of the knowledge on fire safety is even more
important for older aircraft. The situation becomes obvious if you take into account
the worldwide number of 2300 transport aircraft built before 1968 and still being in
service. The youngest fleet in Europe (Swissair} has still an average age of 5.7 years,
the average age of the total US-fleet is Just over 12 years. Before not all aircraft
will be equipped according to the latest fire safety knowledge the risk of danger will
not he reduced decisively.

To come to a reascnable solutlion within a reasonable period of time, it is the Air-
worthiness Authorities which have to define requirements presenting a comproamise bet-
ween realistic time intervalls for applicaticn and the justified safety demand of the
rassengers.
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SUMHARY

In transport aircraft, passenger safety is of paramount importance in
establishment of ¢riteria and requirements covering fireworthiness.
Thus for cabin and cargo intericrs, regulators ard aircraft
manufacturers have established flammability standards and/or criteria
for materials used in these areas. The aircraft manufacturers in
tuern furnish aircraft with existing state-of-the-art materials
technology which will satisfy or exceed the standards and/or criteria
requirements. This paper outlines the evolution of these
flammability standards fto-date and test methods used to ascertain
compliance and an indication of the materizls used to meet these
standards.

INTRODUCTICN

Passenger safety is of prime importance in the estabishment of criteria and
requirements covering firewarthiness for transport category aircraft. To satisfy as
much as practical the desire for passenger aircraft manufacturers generally take the
following approach:

1) ‘Eliminate fgnition sources.

2) Systematic application of design provisions to contain, suppress andfor
extinguish fires that may occur.

3} Use of materials that are highly resistant to fire and fire spread, and that
minimize the emission of smoke and toxic gases.

With regard to the latter, this paper traces and outlines the history and
evolution of passeger aircraft material flammability standards and associated test
methods regulated by the FAA and veluntary standards adopted by industry to upgrade
fireworthiness and reduce toxic gas emissions of burnipg materials.

[NTERIQR CABIN MATERIALS

The history of FAA's flammability standards up to 1972 can be summarized by
reviewing the original burn requirements for interior wall and ceiling panels [See
fFigure 1}.

The first flammability requirement was ITmplemeated in 1953. It required cabin
iinings to be tested to a horizontal burner flame test. Criteria for passing this test
was that the burn rate was not to exceed four inches/minute.

In 1967 cabin flammability standards were upgraded to include a vertical burn
test. Criteria for passing this test was that materials be self extinguishing without
having a burn length longer than eight inches in the vertical test nor 4 inches in the
horizontal test.

In 1971/72 with the introduction of wide bodied aircraft the flammability
standards were further upgraded. The horizontal test was eliminated and the test
specimens were required to be self extinguishing within fifteen seconds. When tested
vertically, the time of flame exposure was increased from twelve seconds to sixty
seconds. Additionally the burn length could not exceed six inches nor could drippings
burn more than three seconds.

In approximately 1979, industry established some voluntary standards and
objectives in addition to those decreed by the regulatory bodies in selection of
materials. These standards and objectives included low smoke emissions, low flame
gpread rate and maximum toxic gas emissions. For typical objective values see Figure

It is evident from the foregoing, that since 1953 significant improvements had
been enforced and voluntary standards or objectives implemented to increase the fire
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resistance of cabin materials. However, not withstanding these improvements, there was
still a major concern about the ability of passengers to survive in a post crash. Thus
in 1979/80 a Special Aviation Explosion Reduction (SAFER) Committee was formed and this
committee along with its technical supporting groups, examined the factors affecting
the ability of passengers to survive in the post crash fire environement and the range
of solutions available. The committee recommended, (a} further research and
development in regard to cabin materials, (b) implementation of a method using radiant
heat for testing cabin interior materials, (c) establish the contribution of cabin
jnterior materials velative to the post crash fire hazard, (d) develop for aircraft

seats fire blocking layers, e.g. fire barriers for polyurethane foam cushioning
materials in order to retard fire spread.

As a resuit of the above recommendations the FAA initiated the necessary research
and development, conducting full scale testing using a C-133 aircraft fuselage to
represent wide body transport. The test conditions simulated representative post crash
external fires and numerous laboratory tests were conducted to correlate possible
material qualification test methods with full scale tests. Additionally in-flight fire
scenerios were conducted with the C-133 fuselage using various on-board fire sources
such as carry-on tuggage, arson fires using flammable liquids and on-board paper trash.

Significant findings cof the FAA testing were as follows:

{a) Burning cabin materials can be a primary factor affecting occupant
survivability in certain types of post crash fires.

{b) Fires in an intact fuselage will produce “flash-over" conditicns which will be
followed by loss in survivability throughout cabin.

(c) Seat blocking layers can be affective to subdue the burning of polyurethane
seat cushions.

{(d) The Qhiop State University (05U} rate of heat release apparatus as standardized
by ASTM £-906 was the most suitable for material qualification.

After completing and documenting their work, the FAA in 1985 introduced a notice
of proposed rule making (NPRM B5-10} for improved flammability standards for all large
interior surface materials installed above the floor in compartments occupied by the
crew or passengers. The rule established more stringent test requirements by measuring
the intensity of heat release by utilizing the 0SU apparatus.

In the OSU test procedure (See Figure 3), a vertically oriented specimen is
exposed to the thermal assault from a radiant heat panel for an exposure time of five
minutes. At ignition the combustion products leaving the chamber are monitored by the
output/intensity radiation located at the outflow of the apparatus. The heat release
measured is (a) total heat release at two minutes and (b} peak heat release rate.

Following the original issue of the NPRM 85-10, iadustry had considerable
technical c¢oncerns with the rule and testing. Preliminary testing by industry yielded
results considerably different from those cobtained using the FAA test results. This
resulted in a series of round robin testing of the same groups of materials by varigus
laboratories to assess repeatability and reproducibjlity of results. Based on the
results of these tests, the following changes were made to the test procedure and
acceptance criteria.

1) Adjustmeat of specimen exposure heat flux from 5 watts/sq.cm. to
3.5 watts/sq.cm.

2) Elimination of oxygen depletion method for measuring heat release,

3} Adjustment of acceptance criteria over first two minutes of sample
exposure from 40 to 65 kilowatt-minutes/sq.meter.

4) Inclusion of the requirement of peak heat release rate of 65
kilowatts/sq.meter.

The FAA introduced the peak heat release rate to exclude materfals which have low
levels of total heat release but none the less emit a large amount of heat over a short
duration causing rapid fire spread.

During the discussion and commentary period of the HPRM the Air Transport
Association (ATA) and the Air Industry Association (AIA) at one point proposed an
alternate test criteria, comprising of a two tier certification system (See Figure 4).

Tier 1 - Certification of Material Systems used in the various construction types
in major support parts, with requirements invelving 05U radiant heat
release test and smoke ftest.

Tier 2 - Certification of individual parts by the vertical flammability test
FAR 25.853{a).



‘ The.pass/fail smoke :and.heat release-limits were.set to allow use of the
“state-of-the-art .marterials -and the inclusion of smoke release was intended to
distinguish between-"désirable® and "less desirable" material systems in a straight
forward and conclusive way. A less desirable material in the 100/100 heat release
range was considered to.have excessive -smoke release characteristics {See Figure 5},
Additionally it was pointed out that essentially there were five construction types
used for major support interior parts and each of these construction types is
represented many times in a typical cabin with variations between constructions being
minor. Thus by using the two tier certification, the amount of testing necessary for
‘certification and quality control would be brought intoe manageable bounds and would
allow separation of desirable from less desirable material systems.

-lndustry further confended that -

{a} their data did not support peak heat release rate as being of any greater
. wvalue than heat release as a material selection criteria, as rapidly burning
materials were already excluded by the material flammability test
requirements;

{b) although reasons for correlation between smoke emission and time to flash-over
were not perfectly understood, a direct relationship had been cobserved during
tests of actual production materiais;

{c) history had shown that smoke emission ¢an be of significant importance during
in-flight fires.

The FAA contended that the proposal to use two tier procedure was inadequate
essentially for the following reasons:

- c¢ritical factor in survivability is time afforded for egress before flash-over
cccurs and the release of large quantities of heated gases which eventually
result in flash-over is not relative to the amount of smoke released;

- no known scientific correlation of smoke release and flammabililty of
materials;

- insufficient flammability data to determine whether there is a -correlation
between flammability of individual components of assembled system and the
flammabitity of the system.

However, not withstanding the above objections, considering the general belief
that smoke testing should be conducted to eliminate the use of materials which produce
excessive obscuring and irritating smoke which can cause distress and panic and the
fact that industry already uses smoke emission ¢riteria, the FAA amended the final rule
to require smoke testing, The final cabin liner rule presently is as shown in
Figure 6.

The availabiiity of complying materials to meet the 65/65 heat release standards
by 1990 was an industry concern, as it was generally felt that the requirements could
not be met with known materials that would satisfy the standards while meeting
practical fabrication, durabililty, maintenance and appearance standard requirements.
Essentially, presently in wide body aircraft, the bulk of the sidewalls are basically
composed of HNomex {aramid) hoaeycomb ¢ore with fibreglass or Kevlar facings impregnated
with Epoxy or Phenolic resins and a decorative taminate composed of Tedlar {PV¥F) or
Tedlar and Polyvinyl Chloride (PYC} layers. Many of these parts with or without minor
changes will meet the interim 100/100 rule but will not meet the 65/6% rule. To meet
the 65/65 rule sandwich panel construction must be modified and newly developed
decorable thermoplastics or textiles need to be applied.

Typical changes that are occuring in cabin interiors to meet the 100/100 rule are as
follows:

EXISTING CONSTRUCTION HEW CONSTRUCTION
Epoxy/Keviar Sandwich Panel Phenolic/Glass Sandwich Panel
with Decorative Laminate with Decorative Laminate
Epoxy/Kevlar Sandwich Panel Phenolic/Glass Sandwich Panel
with Grospoint Decorative with Replin/FPBI
Polycarbonate Integral Color Polyetherimide (Ultem) Painted Finish
Dado Carpet ' LW40 PBI Replin backed with Homex Felt

Polyester/Glass Laminates Phenolic/Glass Laminates
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Seme aircraft have sidewall panels constructed of aluminum with a laminated
decorative finish. These panels would comply with the 65/65 rule. However the use of
composite construction is considered more preferable from the industry point of view as
it affords reduced weight (aluminum panels 2% times heavier) and provides superfior
burn-through resistance from an external fed fire source which might occur in a ¢rash
situation. {It was estimated by industry that the additional added fuel burn to
account for added weight on a 100 furbished aircraft per year to be one millien gallons
of fuel.)

In response to the above the FAA contends that their tests indicated that -

{a) flame penetration through windows or possibly through cabin air grills would
occur much earlier than penetration through the fuselage external surface, any
insulating material and aluminum interior panels;

(b) flash-over from an external fire source would occur much later than it would
occur from a fire that enters the cabin through a fuselage rupture giving
pccupants more time to egress safely;

{¢} Phenolic resin fiberglass construction as produced by some manufacturers will
meet the 65/65 standard.

SEAT CUSHION FIRE BLOCKING

A major danger in aircraft fires is what is termed as “"flash-over" where flammable
vapours trapped high up towards the ceiling of the cabin will suddenly ignite and
propagate the fire across the whole upper interior portion of the aijrcraft like a
wave. It was recognized that a major source of flammable vapours leading to this
condition is the decomposition of polyurethane foam.

One option was to replace the polyurethane with materials that do not yield
flammable vapours on pyrolysis, e.g. Polyimides., However it was found that these foams
could not be produced to obtain the comfort, res{liency and durability required for
seats. Another option was to use a neoprene foam., HNeoprene foams have excellent flame
resistance and some formulations were available which had reduced smoke emissions and
weight. However the density of this necprene foam (7-8 1bs) was still too high for
aviation use. An additional option considered was the use of fire retardant
additives. The known fire retardant additives could rot suppress production of
combustible vapours from polyurethane foams under sustained heat fluxes.

With the optioen of fire retardants considered ineffective and since there was no
commerical available foam cushion systems in early 1980 which had all the qualities
needed for seats, such as comfort, durability, acceptable weight, etc., and yet provide
sufficient fire protection, the concept of a fire blocking lTayer encasement was
developed. The fire blocking layer encasement is designed to inhibit or prevent the
fire involvement of the flammable polyurethane foam underneath. This involves covering
the polyurethane foam cushion with a layer of fire resistant material that will provide
abtative (sacrificial) protection of the polyurethane foam such that 1t would delay the
fire involvement of the polyurethane foam.

Tests conducted by the FAA and others demonstrated the superiority in fire
performance of cushions protected by fire blocking layers over the unprotected
cushions. As a result in L1985 the FAA issued new flammabiiity performance criteria

involving the use of a Kerosene Burner Test under FAR 25.853(c). See Figure 7 for the
requirements.

The materials generally presently being used as fire blocking layers are P8I
Felts, Woven Carbon Fiber Fabrics, Woven PBI/Momex Fiber Fabrics, Woven PBI/Kelvar
Fiter Fabrics wrapped arcund a fibreglass core. The foams used under the fire blocking
layers are generally flame resistant molded polyurethane foams which have improved fire
resistance over the flame resistant slab foams. Also being used for passenger seats is
& flame resistant modified polyurethane foam called HMetzoprotect FR. The seat bottoms
manufactured from this foam is a sandwich construction consisting of a core foam pius a
13mm outer layer of Metzoprotect FR. The back rest cushion is a solid Metzoprotect FR
perforated foam. For flight attendant seats in whic¢h there are no major concerns
regarding weight and which do not require foams of similar physical properties as foams
for passenger seats, flame resistant silicone and neoprene foams are being used.

CARGO LIMING MATERIALS

The majority of commercial aircraft lower cargo compartments are certified as
Class D or Class C compartments. Class D compartments are generally smaller
{1000 cu.ft. max) than Class C compartments and are not required to have smoke
protection or fire suppression systems. They depend on the limited availability of
fresh air in the compartment to eventually suppress any fire through oxygen
starvation. The integrity of the liners in Class D compartments is critical because a
burn-through would allow entrainment of exhaust air which flows around the
compartment. This would feed oxygen to the fire and limit the fire containment
canabilitv of tha ramnartment.



Class C cargo compartments are required to have smoke detection and fire
suppression systems as well as the ability to control ventilation systems to control
environment in the compartment. Burn through would allow cabin exhaust air to mix with
air in the cargo compartment. This would provide (a) fresh air in a fire (b) dilution
of the fire extinguishing agent in the compartiment.

Prior to 1886 cargo liners {Class B through E) were only subjected to vertical and
45 degree burn tests using a 3/8 dinch I.D. Bunsen burner. A minimum flame temperature
of 1550°F was required and applied for 30 seconds. Criteria for passing the 45 degree
burn test was no penetration of the material after the removal of the flame source,
flame time not to exceed 15 seconds and average glow not to exceed 10 seconds.

The FAA work on compartment liners completed irn 1985 concluded that the above
burner tests did not assure that liners in Class C and D compartments would not burn
through when subjected to realistic fire exposure test conditions. As a result in 1586
a new fire test was adopted for c¢eiling and sidewal) panels of Class C and D
compartmeats which exposed sample sidewall and ceiling liners stmultaneously to a flame
at 1700°F and 8 BTU/ftZ.sec. at 8 inches above the flame for five minutes. The
criteria for passing are that no flame penetrates either Tiner and that the temperature
measured 4 inches above the ceiling l1iner not exceed 400°F.

Of the 46 combinations of materials tested by the FAA, only 20 were capable of
meeting the 400°F limitation. Liners using Keviar or Nomex were unable to meet the
burn through and/or the 400°F limitation. One surprising result of the testing was the
inability of unidirectional fibreglass liners to pass either the burn through or 400°F
Timitation.

Materials presently used for liners to meet the new test criteria are fibreglass
¢loth with Phenolic, Epoxy or Polyester Resins. The Phenolic resin materials have
superior smoke emission properties.

CONCLUSION

The new cabin and cargo flammability standards adopted wil) no doubt enhance
passenger safety and will be further improved in time when improved state-of-the-art
mater{als are developed and voluntarily adopted by the airlines during scheduled
refurbishment practices. To meet the 65/65 heat release standards by August 20, 1990,
Industry will need to carry ocut extensive evaluations of heat, smoke and toxicity
requirements of new materials and development of new production processes.
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15-86£C EXPOSURE
BUNSEN OR TERRILL

BURNER
SPECIMEN SIZE:
4 BY 14 IN.

MAXTMUM BURMN RATE:
4 INCHES/MINUTE

ﬁ
3

VERT HORIZ

15~-SEC EXPOSURE (HORIZ)
12-SEC EXPOSYURE (VERT)
BUNSEXR OR TERRILL
BURNER

SPECIMERN SIZE:

4% BY 12% IN.

SELF-EXTINGUISHING
MAXIMUM CHAR LENGTH:
8 INCHES VERTICAL

4 INCHES HORIZONTAL

1600 = 50°F
60-SEC FLAME EXPOSURE

SELF-EXTINGUISHINHG
AYERAGE BURN LENGTH:
6 ITNCHES MAXIMUM
FLAME TIME - 15 SEC
MAXIMUM DRIPPINGS
SELF-EXTINGUISHING

3 SEC MAXIMUM

FIGURE 1: Flammability Resistance Interior Linings Regulation Evolution.

FLAMMABILITY

SHMOKE

SHOKE EMISSION
AFTER 4 MINUTES

JOXICITY

GAS EMISSION (PPM)
AFTER 4 MINUTES

FLAME SPREAD THDEX MAXIHUM 25:

- APPLICABLE TO ALL MATERIALS EXCEPT

TEXTILE SOFT GOODS

2.5 WATTS/CM2 HEAT FLUX:

Dy MAXIMUM 80

- APPLICABLE TO ALL HMATERIALS

2.5 WATTS/CM2 HEAT FLUX:

o HCN HF HC1 505 NO
3500 150 200 500 100 100

- APPLICABLE 7O ALL MATERIALS

FIGURE 2: Industry Materials Fireworthiness Objectives



- HEAT RELEASE .
- SMOKE RELEASE

TEST SAMPLE

//—— REGULATED RADIANT HEAT

AIR DISTRIBUTION PLATE

FLAME IGNITION_— "

SOURCE

o ———CONTROLLED

AIR FLOW

SMOKE DETECTOR COMBUSTION PRODUCTS MEASURED:

FIGURE 3: Ohio State University {0SU) Calorimeter

TIER 1 - MATERIALS SYSTEMS

Candidate
Material
System

Smoke

— Release
NBS

Heat

—_ Release
osu

—_ Systems

Materials

Certificatian

A1l Systems Sandwich Panels
HR « 100 Base Stock Ds «< 100
Decorated Ds == 200

Decorated Ds < 200

Other Components -

TIER 2 - FINAL PARTS

Fabricated Current Final
Afrplane — % | Bunsen — | Parts
Parts Burner Certification

FIGURE 4: Certification of Materials Systems and Fabricated Parts
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- 65 Kilowatts/sq.meter

~ 200 Maximum Optical Smoke Density

- Maximum Peak Heat Release
After 4 minutes

- Heat Release Measurements by 4asU

- Smoke Density measured in flaming mode per ASTH F814

- Yertical Bunsen Burner Test per FAA 25.853(a) also required.

TIME TO DESIRABLE/ SHOKE |
GENERIC PANEL TYPE FLASH-OYER LESS DESIRABLE RELEASE
{4 min)
{C-133 full scale results]) Ds
{seconds)
Epoxy/Glass 75 Less desirable 218
Phenolic/Glass 240 Desirable 18
Epoxy/Kevlar not run Less desirable 212
Phenolic/Kevlar 75 Less desfrable 118
Polycarbonate - Less desirable 200
ABS -—- Less desirable 400
FIGURE 5: Characteristics of Generfc Panels
BY AUGUST 20, 1988
- 100 Kilowatt-Minutes/sq.meter - Total Heat Release Over First 2 Minutes
- 100 Kilowatts/sq.meter - Mazximum Peak Heat Release
BY AUGUST 20, 1590
- 65 Kilowatt-Minutes/sqg.meter - Total Heat Release Over First 2 Minutes

FIGURE &6: Cabin Liner Heat and Smoke Release Rule

"UPON THE -FIRST SUBSTANTIALLY COMPLETE REPLACEMENT OF THE CABIN INTERIOR..."

AFTER AUGUST 20, 1588

AFTER AUGUST 20, 199%0

- HEAT RELEASE REQUIREMERTS OF 100/100

- HEAT RELEASE REQUIREMENTS OF 65/65
SMOKE EMISSICN REQUIREMENTS OF 200

FIGURE &A: Airplane Retrofit Cabin Liner Heat and Smoke Release Rule

2 MINUTES DIRECT FLAMING
TEMPERATURE 1000 - 1078°C
RADIATION INTENSITY 11,5 W/M2
WEIGHT LDSS LESS THAM 10%
BURN LENGTH LESS THAN 43 CM

FIGURE 7: Requirements - Kerosene Burner Test FAR 25.853(c¢)
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Fire Prevention in Transport Airplane Passenger Cabing

Dipl.-Ing. Udo Wargenau
Hanager Cabin, Cargo Systems
Cabin Interior and Cargo System Engeneering
Lufthansa German Airlines Dept.IXK-W
Airport Acrea West
D-6000 FPrankfurt/Main 75
FRG

Summary:

The most important aspect in alr tramsportatiomn is safety., a part of which is fire
prevention. In the environment of the passenger cabin there are different ways to
prevent fires. The most obviocus one is to provide adequate detection and extinguishing
devices. The second way is to desigm in a fire-preventive manner. The third and most
challenging way is to be concerned with fire-resistant materials of the latest state
of the art. Although airplanes are designed and built by big airframe manufacturers
the airline engineers can take some influence on a fire-hard cabin. Aside from
continually requesting changes from aircraft manufacturers the engineers can force the
interier equipment vendors to use advanced techniques and materials. This, haowever,
requires a certain degree of know-how and the goad intention to assist these vendors.

GENERAL

Before 1 begin with my report I want to point out one fact: as an airline man I cannot
present any latest scientific news, mor c¢an I offer an outstanding know-how about
things like new technologies or advanced materials. The basic task of an airline
gngineer is to keep the planes flying and thereby care for safe, punctual, economic
and - from the view of our passengers - most comfortable conditions. The only thing I

can present, is our way of understanding and realizing safety and our experience we
made with all resulting actions.

The most importanpl aspect in air tcansportation is
again is fire safety. Fire safety can and must be
all remember that there have been very interesting measures such as the development

of AMK {(anti-misting kerosene) or the presentation of a water sprinkler installatien.
There have been improvements in crew traioming and fire fighting techniques. There are
vseful discussions about things like reduction of the qguantity of newspapers on baard
as well as restrictions of carrying duty free alcohol in the cabin. In this paper 1
will restrict myself only to actual technical measures mainly in the passenger cabin.
In the technical field of cabin fire safety there are three ways:

of course safety, a part of which
approached in different ways. We

- adequate fire detection and fighting provisions
~ fire-sensitive design

- selection of fire resistent materials.

Although airplanes are designed and built by big airframe manufacturers the airline
engineers can take sceme influence on a fire-havd cabin.
from the airframe manufacturers is not an easy task and Lhe success is limited.
However, by continually requesting changes [rom ajrcraft manufacturers Lhe engineers
can at least achieve some compromises. A belier situvation cxists on Lhe BFE {(Buyer
Furnished Equipment) market: a strong airline can force the interior equipment vendors
to use advanced techniques and materials. This,however, requires a certain degree of
know-how and the good intention te assist these vendors.

To get some desired results

FIRE DETECTIOR

Let us hegin with the detection. With the word "detection" we assume that there is a
relagtively small fire at first which has to be delected and fought before it becomes
unmanagable. The typical case is an inflight fire. As a rule of thumb, any device
should be installed where the [ire is likely Lo occur. Sources of fire are usually
cigarette butts or failure of the electirical equipment. In the cabkin itself we can
live without technical systems, as the cabin is normally uader contral of the cabin
crew and the passengers. A similar situvation is in the galley areas; however this
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requires a continuocus occupancy of the galleys - also during the time between the
service preparations. A watch has to be there because there is equipment like ovens,
coffee makers and hot jugs which can be a source of fire.

A more sSensitive area acre Lhe lavatories; mainly because they "are hidden" places with
petential sources of fires: electrical components {(flush motor)} apd smokers,
Therefore, it makes good sense to install a detection system. LH decided for a smoke
varning system which warns by illumination of warning lights in the cabin and sound of
an acoustical sign.

FIRE FIGHTING EQUIPMENT

The most important fire fighting component is of course the fire extinguisher. LH uses
BCF-extinguishers (In the cabin 1.1 kg; in E&E compartwments 2.5kg and MD Cargo
Compartments 7.5 kg). Por instance, in our 747 we use 1 extinguisher in the cockpit, 1

on the upper deck and 10 on the main deck, i.e. 1 each at every cabin attendant
station.

There could be a dispute about the locationing in the cabin, because there are
arguments in favor of locations where fires are more likely to occur, feor instance in
galleys. We believe in the importance of an easy reachability for a seated and belted
attendant and for an even and obvious distribution over the cabin. Moreover, our
location standard - which is vwalld for all types of our aircraft - makes sure that
different lavatory and galley locations and layouts do not affect the attendants”
orientation: the fire extinguisher can always be found on the lower cuthoard side of
an attendant seat.

Another area of corcern is the type of the extinguishers. Although the FAA is geing to
require also water type extinguishers our experts believe that the Halon extinguishers
are still superior, and this opinion is shared by airport authority firemen.

Automatic fire extinguishers are installed in the lavatory trash cans. lowever, this
installation is usable only, if there is a scheduled check of these bottles. There
were some instances of bottles having been discharged without reason. We at Lufthansa
perform visual inspections for discoloration every B-Check and weizh the bottles at
every C-Check.

Although the fire extinguisher is the most important eguipment for fire fighting there
are several other helpful devices:

- Crash axes serve to break-off blocked accesses,their handles are insulated
against high voltages.

- Crow bars serve to separalte burning partitions and serve as lever-arms.
- Protective gloves are to take hold of hot or burning objects.

- Smoke goggles are worn in addition to Quick Donning Mask in case of smoke and gas
emission.

- For fire fightipng in connection with heavy smoke emission we have portable oygen
equipment in connection with full face masks.

An item of discussions is the introduction of smoke hoods as standard passenger safety
equipmenl. Whereas smokehood advocates suggest smokehoods to become mandatory {like
oxygen and life vests), we are not sure whether in the panic and confusion of a

real case the seeking and donning of the hoods and the confined visibility will
adversely affect the evacuation time. And still the discussion goes on what type of
cquipment could be used: there is a variety from a real hood with breathable gas
supply down to 2 mask with a small filter just covering eyes and nose. And the next
problem is: where can that equipment be stowed so that it is really and effectively
usable? The only answer can be: in the easy reach of the passenger and that means
either the armrest or the seatback, both of which are exposed Lo vandalism and are
space~limited. One can take measures against vandalism - but at the expense of quick
donning. One can reserve space in the seatback - but one has to compromise against
comfort and space claimed for other purposes, like oxygen egquipment {DC10), seatback
video monitors or life vests.(There is a “"stifl{-back" vest under development which can
be put on much more easily than the present one and which fits only into the seat
back) .



4 special case is the fire fighting in the cargo section of combi airplames. Aside
from the selection and training of fire fighting crews we are evaluating the usage of
communication means like an iptegrated microphone-loudspeaker device, of protective
nomex suits and of improved illumination. Also the incorporatioen of

small flaps in container walls are being investigated which allow the depletion of
fire extiguishers into the coptainer. However, all these means have to be considered
as preliminary, as we do not know yet what the FaA will exactly regqguest faor.

FIRE-SENMSIBLE DESIGRN

The best known example of fire retardant design is the sealing of the lavatory waste
compartments. Avoidance of gaps, self-c¢losing flaps and other means of fire
containment will aveid fire from spreading out even in case there is no zsutomatic
extinguisher or this extinguisher fails. Due to wear and tear a perjodic inspection of
this area is necessary to ensure an equal quality of this condition.

Another example for a sclution by design is the Alrbus A310 floor panel which could
not be made from phenolic based material due to insufficient mechanical properties:
therefore epoxy was used and the panel wrapped by an aluminim laver.

Designing in & fireproof manner alse means the prevention of dirt accumulation or
unconirolled paper waste. We are for instance stil]l concermed about the accumulation
of clethes and carpet residues in the air returp grills, though in two burn tests this
material proved self-extinguishing. Despite these results we are requesting from the
airframe manufacturers that air return grills or other such openings must be designed
that way that there will be no accumulation of dirt or that at least these spots shall
be easily cleanable by simple means like vacuum cleaning. "Easily cleanable"” mesans
that nocomponent must be removed or disassembled.

Last not least the fire blocking of cushions cap be sSeen under this category, but I
will ¢ome back to that subject & little bit later.

MATERIAL SELECTION

A new step tovwards more f[ire safety is the new rule, commonly known as the 1007100~
respectively 65/65 heat release rule with the new addition of a smoke emission limit.

For us at Lufthansa, this rule was of course new, buf the approach was not. Years ago
ve were confronted with something similar, namely the ATS1000.001 of Airbus Industrie.
For us, the ATS1000 was a big step towards cabin safety. Thus, we introduced it into
our BFE requirements, even for Boeing and Douglas airplanes, at an early stage. We
exempted carpets and floor covering; in the first time, because there was no material
available - the ATS-carpets had all the tendency to shrink - , later on we learnt that
share of the floor coverings to unsurvivable conditions was neglectible. This has
been proved by the full scale fire test in Germany and - if you wish - by the

new rule which does not apply to carpets.

The new rule does alsoc not apply to curtains, and maybe there are good reasons.
However, for my feeling, the Bunsen burner test is not sufficient. Consequently, we
have replaced wool curtains by those of Trevira €8 which melts away and thus gives no
fuel for a fire.

Let us come to the gquestion: How is5 the situation regarding new fire-resistant
materials?

There a sandwich panels available which have average and peak heat release figures
between 20 and 40 kW «hich, in combination with special adhesives and LHR (low heat
release) decor foils, still result in OSU testing values well below 65/65. These
materials are being used by cur interior furomiture vendars. Alsa the paint industry
can supply us with 65/65 material

As far as thermoplastLs are concerned, we have begun with the procurement of advanced
materials like polyetherimide and polyethersulfone beginning with smaller cabin
components like mini-containers and advertizing racks. Some concern constitute

the vellowish color of the "Ultem" material which excludes some desired appearances.
Furthermore, there is not yet enough knowledge about mechanical properties under
operation conditions and resislance against widely used cleaning agents. In this
connection, [ may remind of the brittleness problems that occured when cleaning
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polycarbonate surfaces. In apyrcase; we still have to gain more experiéence.

A speclial case are passenger secats. Passenger seats are installed in a large quantity
in the cabin and can therefore contribufe to a fire at a greal exteni. Beside CLhe
cushions and fairings, which consist of an organic material, the seats themselves can
be made partly or in whole from composites instead cf aluminum alleys. This can be
advantageous for weight and comfort, but can be seen negatively for smoke and gas
emission. I personally would hesitate to introduce such seats, although the
regulations exempt seats from heat release limits. But why may we carry tons of
plastic materials as seats whereas similar material as panels arc not allowed?

By the way, Wwe have some experience with all-composite seats {3 DC10 of our charter
subsidiary) and had to learn that after machanical failures bringing these seats to
the same strength as conventional seats the manufacturer had to add considerable
weight, so that this advantage had been nullified. But ] agree that for some
components the new material is better.

One widely neglegted aspect is the repair process of new materials. In the beginning
of 4310 operation the only means of quick repairing damaged panels was by laying up
epoxy resin patches. Very soon the gquestion came up: to what extent cam repairs Like
that be done without interfering with the ATS1000?% There vas no answer available;
fortunately, one company came up with a quick repair kit, consisting of a Tedlar
covered glass phenolic laminazte and heat activated adhesive, which we use very
frequently especially in cargo compartments, so that all panels even after a couple of
repairs still comply with the ATS. Qur shop experts are additionally experimenting
with low-pressure phenolic processes, which have less limitations with respect to

the emission of phenolic and formaldehyde. As far as the heat release rule is
concerned we are together with the industry invesligating the possibilities of
economic repairs. We have found out that using very low heat releasing foils on low
heat releasing sandwiches we can repair by just bonding another foil onto the damaged
existing one and still are below the limiting values.

One of the most spectacular and ~ in my opinion - most effective rule was the
requirement of secat cushion fireblocking. This change has been done in all our
airplanes , has been finished - vet we cannot lean back in our chairs feeling we have

campletely performed our task. To begin with, our measures only make sense, if we
really consider the intent of the rule and naot only the compliance with the kerasene
burner test. In a test series we initiated at Noechst facilities, il was found out
that different materials, the test cushions of which resulted in similar weight
losses, behaved very different when tested in normal cushion size and shape. In other
words: test cushions of defined dimensions had wWeight losses less than 10 percent, but
normal cushions of the same material had losses up to 40 percent! Of course, we do

not accept cushions like that although we would comply with the regulation.

A gquestion that is put again and again is: do we prefer a textile fireblocker around a
conventional fecam cushion or a foam material which is fire retardant in itself? In ay
cpinion a textile cover is an interim selution until there is a really good foam on
the market. On one hand, a textile fire blocker needs more attention: the type of the
yarn, the position and kind of the seams influence the burn test results considerably.
The layer has to be checked frequently for wear caused by contact with hydrolocks,
belt attachments etc. Replacing a foam cushion needs special attention and probably
trained personel, which is higher on the payroll: if the fireblocking pocket is not
closed carefully and completely, the safety effect will be guestionable. In the last
months we had a lot of collapsed cushions and we are presently trying te identify the
cause. Hhether the build-up of an athmosphere of moisture under the layer in
connection with the pressure of the passenger's weight weakens the material (as one
cushion manufacturer ascertains) or the local thickness of the foam is insufficient
has not yet been determined.

Today there are a couple of foam products available which comply with FAR 25.853c., We
have been £lying "“Metzeler" foam for more than cne year without greater problems; this
had been preceeded by two inflight tests of 3 months each, the second one of which

was successful. These tests are standard procedure at Lufthansa to make sure that the
comfort level is accepted by our passengers, that there is no early collapsing of the
foam and that the cushions withstand the handling by maintenance personell (e.gz.
velcro must not be torn off). Despite of this good result, we prefer and expect the
development of fire retardant cold molded foam - the Metzeler feam is a cut foam -
because of casier dress-covering and lower price. Though there are scome products onthe
market, we are not yet satisfied: one reason is the afore mentioned phenomenon that
the behavior of the original size cushions in the kerosene burner test is not
acceptable - at least for us. Another problem is still the relatively high weight.
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If we use a foam without fireblocker it is essential that a method is established that
guarantees the same material composition of each production batch as the test specimen
material. To cover possible tolerances we have specified a maximum weight loss of B.,5
percent.

Before I leave this subject, let me add two recommendations: firstly, for future
developments the FAA should think about modifying Lhe rule and give more tolerance to
lightweight seat cushions. Light cushions are not only more econemical, but also
constitute less fuel for [ires. Unfortunately, lighter systems have less fire
resistance and thus tend to fail the kerosene burmner test more likely, although they
might be better for the cabin fire safety., The second recommendation is: the kerosene
burner test is expensive, aside from the s5till bad correlation between the various
laboratories. Could not it be possible to develop a secondary simple, small-scale test
method which can select between the “good” materials and the "bad® ones?

In the summary of my report I stressed the importance of influencing the manofacturers
towards a fireharder cabim. One kind of manufacturers is the airplane company, another
kind are the vendors of the buyer furnished equipment. Due to the close cooperation
between the ATA (Aerospace Industry Association) and the authorities the airplane
manufacturer is the first ome to be familiarized with the authorities intentioens, and
the way of information goes normally from the airframe wanufacturer to the airline.
But scometimes that does not work as.far as the bhardware is concerned. Of course, the
frame manufacturer is interested to c¢reate a safe airplane; however he also has to
watch soaring costs, because the market usually does not permit to transfer all

these costs Lo the buyer. Furthermore, due¢ to the size of the company Lhe time
invoalved for changes is normally very long. Thus, there are cases, in which we have to
put some pressure on an airframe manufacturer. And we did so, i1n order to get 65/65-
material rather than 100/100 material as early as possible and well ahead of the
compliance date. If you think of the quantity of part numbers, novw doubling into a
65/65 variant and a 100/100 variant for the same part, you will upderstand.
Unfortunately, we were not very successful so that the results is a 100/100 SFE

cabin with 65/65 BFE installations - a situation thsat does not make us happy.

Before I continue, let me give a short explanation, how we at Lufthansa use to come to
our cabins. The airplanes we buy are usually empty: the cabin merely consisls of floor
panels, sidewall- and ceiling panels, overhead bins and lavatories. All the rest has
to befurnished by ourselves. We have to buy from various vendors and have to determine
how we want it. The approach can be made either, firstly, by designing the interior
componenks ourselves or, secondly, by specifying exactly what we want to get and Lo
leave the desizn work to the manufacturer or, thirdly, buy matecrial as available and
as is. We have decided for the second way.

The wvehicle of the specification enables us to define exactly which state of the
material technology with regard of fire safety we request for, regardless of less

stringent rules. As an example 1 remind of the desecribed processing of the Airbus
Industrie specification ATS 1000,

YENDOR SUPPORT

Let us come to the guestion: How can airline engineers help manufacturers?

The first and most important step is: to tell them exactly what the alrline really
wants and what not. Surprisingly, the vendors often do not know the intentions of
their customers. 1 remember when one seat cushion producer came up With the question

whether we would accept o n e fireproof side of the cushion - namely that one which
is located towards the kerosene burmer. This would not only comply with the rule but
also save a lot of weight - we Were told - and there would be representatives of sone

other carriers who are at least willing to think il over. 0f course, this was not
accepted at all. However, T do unot blame Lhis manufacturer, because in the beginning
of the fireblocker activities there was a lot of uncertainty aboui how to comply

with the new gule. S0 it was our turn fo carefully explain what we expect from the new
material, how we ratec safety versus price, weight, comfort and maintaioability.

Similarly, when we extended the - at that time only at Airbus customers well-kKnown -
ATS 1000 te DCi0-seats, the US seat manufaclurer could not heljeve that we willingly
added considerabie costs for the expensive polycarbonate in liev ol ithe cheaper ABS
and tried to convince us to follow the more "economical" sclution. Today, it is a rare
exception if an airline accepts or even specifies ABS for seats. I may not exclude
that for future seats, we even go further aand specify flammabilily requirements
achieved by materials like polyetherimude or polyethersulfone, although the
authorities possibly do not intend to impose further {lammability rules on seats in
addition to the fireblocking reguirement.
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Every now and Lhen we concilude that our local manu({aclurecrs mast get a wider-spread
background and a "thrust of motivation™. Me then arrange meetings between Lhem and
experts from induslry or autherities. These meetings were in the past considered
successful, ouy veaders have learnl Lo undeistand the intention ("what is behind") of
rules o1 test procedures, the characteristics of advanced materials and so foruh,

When the vendors have undersioeod the intentlions (L is move ecasy to striclly [ix the
requiremenls, maybe in exireme cases alse on a "do-it-or-feave-it" basis. But
somelimes one has fo extend his help. Lel us lake a relatively small component - ¢.g.
a time table rack - which shall be changed from polvcarbonate to polycthaersulfone. The
manufacturer needs just a couple of square meters of the new raw materi1al - and will
not get it becauvse of the small quantity. Thus, we as an airline have Lo purchase a
larger amount and distribute il te several component manufacturers - hoping that altl
of them can use it and that all of them learn quickly how to work ca it.

FINAL REMARK

Let me finish with an enceouraging remark. During (he recent years authorities and B &
I groups have come up wilh unusually many safely activities which, on the other hand,
resulted in a lot of woerk and measures - somelimes also in confusien. Baul we all in
the aviation world ltive from safely, have our part in responsibility for our
passengers, our crews and for those who c¢ould be invelved in incidenls or accidents.
Thus, all upcoming acLivilres in Lhis fiecld cannot be discouraging, bul stimuvlating!
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SUMMARY

This paper discusses full-scale transport aircraft cabin fire tests conducted in the United
States under postcrash fire conditions. The logic behind the development of fire test scenarios is
described, including a comparison of fire involvement by external fuel fire penetration through an
opening or by fuselage burnthrough. Early full-scale tests in the 1960’'s and 1970's that furnished
data on the characteristics of cabin fires are briefly described. Past test activities addressing
facets of the fuselage burnthrough problem are also discussed. The impact of environmental factors
{such as wind, door opening configuration, and fuselage orientation)} on fire penetration through
openings and the resulting c¢abin hazards is discussed on the basis of past test activities. The
majority of the data presented in the paper are from a recent full-scale test to determine
fire/hazard progression in a postcrash cabin fire environment with emphasis on post-flashover
conditions, to examine factors affecting occupant survivability, and to evaluate the performance of a
protective breathing equipment filter. The paper often discusses and cites past studies addressing
important cabin fire characteristics and concepts, such as flashover, stratification, and
survivability.

INTRODUCTION

Full-scale fire tests are required in any credible activity to improve fire safety in a man-made
enclosure, whether that enclosure be a transportation vehicle, building or house. A full-scale fire
test may be defined as a realistic experiment, conducted at a 1:1 scale ratio between enclosure and
test article, to simulate a fire scenario that has occurred in the past or is likely to occur. The
essential elements of a full-scale fire test are a test article, an ignition source, instrumentation,
and a means of simulating and/or controlling ambient conditions or adjacent structures affecting the
test results (e.g., ventilation, wind, etc.). Although the test article, ignition source, and
ambient controls vary considerably depending on the specific type of enclosure being tested, the
instrumentation employed is fairly common for all applications. The purpose of the bulk of the
instrumentation is to record the life-threatening conditions created by the fire inside the enclosure
as a function of time in order to describe and understand the results of the experiment and allow for
the development of meaningful conclusions and recommendations. The environmental conditions often
monitored include temperature, heat flux, smoke density, and various gas concentrations, including
asphyxiants, irritants, carbon dioxide, and oxygen.

Why are full-scale fire tests important? Basically becavse full-scale fire tests furnish
extensive data that usually cannot be obtained in a reduced scale setting or by theoretical
calculations with the same degree of confidence with respect to the validity of the results. The
ocbjective of a full-scale fire test is usually for one or more of the following reasons:

1. To characterize the fire environment in order to better define or understand the problem;

2. To evaluate or demonstrate the performance of a fire safety improvement (also may require
a baseline test to determine the degree of improvement or benefit);:

3. To furnish data in support of studies to derive fire safety design requirements or to
determine the degree of correlation with small-scale test results or physical/theoretical
modeling predictions.

Perhaps the most difficult and expensive type of full-scale fire testing of a man-made enclosure
is the aircraft passenger cabin subjected to a postcrash fuel fire. DBriefly consider the size of an
aircraft cabin, the cost of interior furnishing materials, and the problems associated with employing
a large fuel fire as an ignition source. To properly simulate the geometry of a wide-body cabin for
fire testing, as representative of the larper commercial tramsportis, requires a test article of 15-20
feet in diameter and a minimal length of approximately 100 feet. The cost of furnishing a
representative cabin section is enormous due to the quality and complexity of aircraft interior
materials; e.g., the cost of a "typical" sidewall composite panel is on the order of several thousand
dollars. Employing a fuel fire as an ignition source creates problems associated with flame control
if conducted outdoors and safety and pollution if done inside a building. Until the establishment of
a dedicated full-scale fire test facility at the Federal Aviation Administration (FAA) Technical
Center in 1980, the number of full-scale aircraft fire tests and the application of the results as a
basis for design improvements was rather limited.



AIRCRAFT FIRE SCENARIOS

Fire fatalities in transport aireraft accidents occur either as the result of fire developing
in-flight or as a comsequence of crash fire. Until recent years, the FAA research, engineering and
development (R, E & D) program to improve cabin fire safety has mainly focused op the postcrash fire
problem, simply because all fire fatalities involving United States carriers over the past 15 years
have resulted from postcrash fire. This paper will concentrate on full-scale fire tests under post-
crash fire conditions.

Fatal in-flight fires occur far less frequently than postcrash fires. BRowever, a number of
catastrophic in-flight fires have cccurred in United States built airecraft operated by foreign
carriers: e.g., Varig (1973), Saudia (1980), and Air Canada (1983). A common characteristic of these
accidents and fatal in-flight fires, in geneval, is that the origin of the fire was in a hidden or
inaccessible area. In recent years, FAA has placed greater stress on in-flight fire safety as
evidenced by current R, E & D activities dealing with hidden fire protection, enhanced emergency
smoke venting, a computerized fire detection/advisory system, and electrical wiring arc tracking
characteristics (1).

Postcrash fires are usually initiated by the ignition of jet fuel released by parts of the fuel
system damaged by the crash. One may expect that the intensity of the fuel fire and potential fuel
fire hazards to aircraft occupants will increase as the severity of the crash increases. In this
regard, Horeff has ranked six classes of postcrash fire for hazard severity, based on assessment of
the likelihood of impact survivability (ability to survive crash trauma) and the number of
occurrences in actual aircraft accident experience (2). For example, the most severe case was major
fuel spill fires due to wing/partial wing separation and the least severe case was non-fuel spill
fires due to ignition by friction. Because of the poiential severe fuel fire harards in accidents
with major fuel spillage, FAA has supported R, E & D programs for anti-misting kerosene and fuel
system crashworthiness that aim at mininmizing or eliminating the fuel fire hazard. However,
irrespective of the likelihood of success of these inherently complex concepts, other factors in the
posterash fire scenario may be of greater importance than the intensity of the fuel fire is to
occupant survival. One such important factor is the integrity of the fuselage in that area which is
adjacent to the fuel fire. Two conditions are possible: (1) a crash rupture or emergency exit
opening, or (2} an intact fuselage. Based on a consideration of past accidents, experimental
studies, and fuselapge design, it is apparent that a fuselage rupture or opening represents the worst
case condition and provides the most significant opportunity for fire to enter the cabin. By
contrast, ignition and significant involvement of the cabin interior materials by the burnthrough
mode is expected much later in time then when direct fire penetration through an opening cccurs.

Because fatal aircraft accidents invelving fire are fairly infrequent ang dissimilar to one
another, it becomes difficult to describe a 'typicel" accident. However, one can hypothesize a
realistic accident scenario where burning interior materials control the probability of escape. In
order to be representative of past accidents, the fire originates as a pool of burning fuel, adjacent
and external to the fuselage. The fuel fire must be relatively large, perhaps on the order of 50-100
square feet, in order to be realistic. If the primary concern is with the dangers of burning
interior materials, the fuel fire by itself must not preclude escape. Therefore, the fuselage must
be relatively intact along the length adjacent to the fuel fire to prevent direct exposure of
escaping occupants. An opening in the fuselage the size of an emergency exit door allows for the
ignition of cabin interior materials by the adjacent fuel fire. In order to evaluate the role and
performance of interior materials, ambient conditions surrounding the fuselage are selected to
prevent or minimize combustion products generated by the fuel fire from entering the cabin. The fire
scenario described above was developed by FAA for utilization with a C~133 wide-body test article to
evaluate cabin interior materials {3). FPull-scale fire test series were conducted to evaluate the
effectiveness of seat cushion firve blocking layers (4) and fireworthy interior composite panels (5),
and to develop low heat release test requirements for interior panels (6). The test results were
invaluable in the development of improved laboratory fire test standards issued in recent years by
FAA for seat cushions (7) and interior panels (8,9).

As briefly discussed earlier, ignition of interior materials by an external fuel fire by the
mode of fuselage burnthrough is expected to occur much later in time than when f{zel fire penetration
occurs directly through a fuselage opening. This clearly appears to be the case for wide-body
transports; e.g., B-747, DC-10, apd L-1011, The fuselage walls of these aircraft {comprised of
aluminum skin and heavy siructural elements, a thick blanket of thermal-acoustical insulation, and a
honeycomb composite interior panel} are an effective fire barrier and will resist burnthrough for
several minutes. The burnthrough resistance of a wide-body fuselage was evidenced during the
Continental DC-10 accident at Los Angeles in 1978 {10). In this accident a large fuel fire burned
for 2 to 3 minutes before extinguishment by the crash fire rescue service. Over this interval the
cabin furnishings were spared of fire although windows showed evidence of melting and interior panel
seams were slightly heat/flame damaged. 1t is likely that had the fire buvned longer the initial
sustained flame penetration would have been through the windows. For standard body aircraft (e.g.,
B-727, B-737, DC-~9, etc.) it is expected that fuselage burnthrough may occur earlier because of the
presence of aluminum sidewall panels in many of these airplanes. Aluminum sheet is far less
burnthrough resistanpt than honeycomb composite panels. However, reported accident findings do not
present a consistent behavior. In the B-737 accident at Calgary in 1984, fire erupted due to failure
of the left engine and ignition of fuel released from the damaged nearby fuel tank (10). Fire was
observed immediately when the engine failed and intensified as the airplane was gradually brought to
a halt almost 2 minutes later. Yet, the 119 passengers and crewmembers were able to evacuate in an
estimated 2-3 minutes, although portions of the cabin filled quickly with smoke when exits were
opened and windows melted through somewhat shortly after evacuation commenced. Fire penetration,
initially through melted windows and later through the separated aft section, the latter which



reportedly occurred after completion of evacuation caused the interior to be eventually gutted. By
contrast, in the B-737 accident at Manchester in 1985, which had a similar fire scenario as the
Calgary accident, 55 occupants perished primarily from inhalation of toxic gases from the cabin fire.
At Manchester it is believed that fire penetrated into the cabin very quickly by melting through the
lower fuselage skin and entering by way of the baseboard air return grills. Wind conditions
reporiedly caused the flames to be drawn inte the cabin. Also of relevance to fuselage burnihrough
resistance is a 727 ramp fire at Anchorage in 1987. A large fuel fire erupted on the ground adjacent
to this airplane when it was inadvertently towed into a loading walkway, causing a fuel tank to be
punctured and fuel spillage. Although a large portion of the fuselage skin was melted away, fire did
not spread into the cabin. In this incident, the 727 fuselage acted as an effective fire barrier and
prevented fire penetration into the cabin.

EARLY FULL-SCALE FIRE TESTS

The earliest full-scale aircraft fire tests provided a foundation for the development of a
permanent full-scale test capability at the FAA Technical Center. The following is a brief
description of these early tests and some significant results.

The first FAA aircraft fire tests were performed in the early 1960's in five C-97 aircraft under
similar postcrash fire conditions (11). The tests were unique to this day in that jet fuel was
continvously poured fore and aft of the wing on each side of the C-97, resulting in a fire which grew
in size. Since the main objectives were to examine the capabilities of helicopter downwash and
ground fire-fighting equipment in postcrash fire rescue operations, the aircraft was void of interior
materials. & major conclusion of relevance to this paper was that 'the fuselage broken open from

impact or with openings next to fire areas offers a much more hazardous condition than the relatively
closed fuselage."

FAA's first airplane fire tests to examine the combustion characteristics of cabin materials
were conducted in the mid-1960's in a DC-7 fuselage {12). 1In situ fire tests at different cabin
locations determined the relative ease with which the various materials would ignite and burn. In
the last two tests the fire was allowed to burn out of control. Both tests culminated in a flash
fire which grew from a relatively small fire that appeared harmless. The flash fire propagated at a
calculated rate of 68 feet per minute. Up to the time of the sudden occurrence of the flash fire,
ambient temperature and carbon monoxide concentration inside the cabin continued to remain low
compared to human survival limits.

The Air Line Pilots Association (ALPA) conducted two tests in 1966 to determine if survival time
could be extended during a cabin fire by using high expansion foam to completely fill the occupied
portions of the cabin interior (13). The test articles were AJ-2P patrol bombers, fitted with a
cabin mockup section almost 15 feet long. The fire source was 20 gallons of jet fuel placed in a 3-
foot by 5-foot pan adjacent to the fuselage on the upwind side. Although the second test revealed
serious drawbacks with the high expansion feam system, the first test provided useful baseline data.
Tt was determined that the initial burnthrough of the 0.035-inch skin occurred at 1:03, which is
somewhat longer but consistent with aluminum skin melting times measured in full-scale tests by Geyer
using much larger fuel fires (14). Cabin light transmission measurements indicated "exireme
stratification of smoke density” throughout the test and sudden cabin flashover at 7:40; both

phenomena have been consistently observed in FAA full-scale fire tests in the C-133 wide-body test
article.

In 1967-68, the Aerospace Industries Association (ATA)} conducted an extensive Crashworthiness
Development Program to find ways to increase passenger survivability following an aircraft accident
(15). One aspect of the program was to examine the increase in postcrash fire survivability provided
by improved cabin materials. The aft 24 feet of a 727 fuselage was subjected to a 30- by 30-inch
fuel fire inserted halfway into a 3-square-foot opening in the fuselage, simulating a c¢rash rupture.
The AIA tests were conducted outdoors, as were the earlier full-scale tests described previocusly,
which caused changes in the fuel fire behavior between tests due to differences in ambient wind
conditions. A wind barrier surrounding the fuel pan was ineffective in providing a repeatable fire
condition. The main concern was whether the ambient winds would force fuel flames to penetrate info
the fuselage opening, and whether the degree of flame penetration would be reasonably invariant over
the test duration and consistent Detween tests. The degree of flame penetration into the cabin and
the resulting level of heat/flame exposure of interior materials has a significant effect on the rate
of fire spread in the cabin. Isclation from fluctuating ambient wind c0n§1t1ons was a prime
consideration in the decision by FAA to establish a permanent full-scale fire test facility.

Netwithstanding the problems associated with fluctuating winds, the AJA tests produced a number
of important findings. Again, as observed in tests by other organizations, flashover and
stratification were dominant characteristics. Also, when the fuselage was furnished with present in-

service materials, flashover occurred earlier and when ceiling temperatures were lower as compared to
the tests with improved materials.

In the early 1570's the National Aeronautics and Space Administration (NASA} ran tests inm a 15-
foor 737 fuselage section to examine the benefits of advanced fire resistant materials developed by
the space program (16,37). To circumvent the outdoor problems associated with variable winds, the
737 test article was closed and a fan was employed to provide a longitudinal air flow. The ignition
source was a 1- by 1-foot pan containing one quart of jet fuel placed beneath an outboard seat. The
reduction in cabin visibility caused by the smoke produced by the burning fuel was significant and
surprising, considering the relatively small quantity used. The results indicated that the advanced
materials decomposed rather than ignited when subjected to the small ignition source, they did not
support fire propagation, and they did not produce a flash fire (17).



" FUSELAGE BURNTHROUGH TESTS

Over the past 20 years, a pumber of test activities have addressed facets of the fuselage
burnthrough problem. However, because none of these activities dealt with the problem in a
comprehensive manner, the FAA recently initiated a test progrem, as ocutlined later, fo attempt to
determine the mechanism and time framework for fire penetration into a cabin and ignition of interior
materials. The following is a brief description of past studies related to fuselage burnthrough.

Geyer subjected aluminum sheets, mounted to a stainless-steel-covered 707 fuselage, to an
adjacent 2500-square-foot fuel fire and recorded the increase in skin temperature as a function of
time (14). Twe types of alloys and four skin thicknesses (0.016, 0.020, 0.040, and 0.090 inch) were
tested. The large fire pit provided relatively complete fire envelopment of the fuselage and waximum
fire exposure. In conjunction with the experimental effort, a mathematical model was formulated
which permits calculation of the temperature increase with time of the aluminum skin of an aircraft
fuselage when exposed to fire (18). The model considers the aircraft skin backed by a layer of
thermal-acoustical insulation and takes into account heat pain by radiation and convection and heat
loss by radiation and conduction. Reasonably good agreement was obtained between the experimental
and theoretical temperature-time profiles (14), illustrating that the mathematical model may be used
as a predictive tool. As an example, the model predicted that a 0.040-inch aluminum alloy sheet
under maximum fuel fire exposure would melt in 30 seconds, assuming the melting temperature of
aluminum alloy at 1200 °F. Another test series employing 300-square-foot fire pits at three
different distances from the test article exhibited slower temperature rises of the aircraft skin,
which resulted from the different fire pit locations and the poor fire coverage caused by variable
wind conditions on the relatively narrow fires (30 feet long by 10 feet deep). Thus, careful
consideration must be given to fuel fire size, distance of fuel fire from fuselage, ambient wind
conditions, and possibly other factors when attempting to apply the mathematical model to analyze the
ontcome of an actual aircraft accident.

Sarkos exposed a 28-foot titanium fuselapge to a 400-square-foot fuel fire to determine the
improvement in cabin conditions resulting from a burnthrough-proof fuselage (19). WMot surprisingly,
a flash fire occurred at 1:55, attributed to the ignition of combustible pyrolysis gases from room
temperature vulcanizing (RTV) silicone pressure sealant, used extensively on the titanium skin, and
from the silicone binder employed in the thermal-acoustical insulation. Small-scale fire tests with
2-foot-square panels, matching the cross-section of the titanium fuselage, corroborated the role of
the silicone sealant and binder in creating a flaming ignition source and combustible gases that
could yield a flash fire (20). The titanium fuselage test results illustrated the potential
pyrolysis and ignition of materials adjacent to fire barriers at elevated temperature.

NASA demonstrated the ability of a passenger cabin surrounded by a burnthrough-resistant shell
to protect passengers over a prolonged period from a severe external fuel fire (21). Basically, the
protective shell consisted of a 2 1/2-inch layer of isocyanurate foam, an ablative foam that converts
to a stable char when subjected to heat. To prove the concept, a C-47 fuselage section was divided
into two compartments, with one compartment essentially protected with the isocyanurate foam attached
to the inner fuselage skin and the other compartment fitted with typical aircraft insulation, and
surrounded by a massive fuel fire (5000 gallons). The results indicated that the unprotected
compartment was destrayed in about 2 minutes, while the protected section remained largely intact and
provided a survivable environment for about 12 minutes. The test was regarded as a first step,
recognizing that many problems, such as window protection, weight penalty, and various installation
and service considerations, would have to be solved before such a system could be considered.

As discussed earlier, the best information available indicates that in at least two aircraft
postcrash fire accidents (DC-10, Los Angeles, 1978 and B-737, Calgary, 1984) the initial or incipient
burnthrough of the fuselage was through the windows. A contemporary window system consists of an
outer pressure-holding pane and an imner fail-safe pane, both constructed of stretched acrylic, and a
thin anacoustic pane attached to the interior panel, constructed of polycarbonate or cast acrylic.

It has been observed during experiments that window failure occurs when the stretched acrylic panels
shrink and fall out, allowing the fuel fire flames to penetrate into the cabin through the window
opening.

NASA has developed a high-char-yield epoxy trimethoxyboroxine transparency that resists
burnthrough (22). After an analysis of various options, it was decided that the most practical way
to use the epoxy window as a fire barrier in a contemporary window system was as the inner fail-safe
pane. To determine the improvement in burnthrough resistance provided by a window system containing
an epoxy inner pane, a series of four tests were conducted by FAA in the C-133 wide-body test article
(23). In each test the behavior of the acrylic and epoxy window systems were evaluated side by side,
mounted on a DC-10 fuselage skin section, when subjected to an &- by 10~foot fuel fire. The main
difference between each test was in the type of insulation end sidewall materials mounted on the
cabin side of the test section. [t was determined that, on the average, the contemporary acrylic
window system failed in about 3 minutes, whereas the improved epoxy window system provided about 1
minute of additional protection. This approach was not pursued further when it was established that

the epoxy pane did not exhubit adequate impact resistance to suggest its used as a replacement for
stretched acrylic.

The conventional fiberglass insulation and honeycomb composite sidewall panels in contemporary
commercial airplanes provide some depree of resistance against burnthrough and ignition of interior
materials by a fuel fire. This was clearly evidenced in the DC-10 accident (Los Angeles, 1978) and
the 727 incident [Anchorage, 1987) where major portions of the aluminum skin were melted away but the
cabin interior was notr set afire before extinguishment of the external fuel fire. To better



understand and quantitate the fuselage burnthrough problem, FAA 15 conducting a full-scale test
program using surplus aircraft fuselages subjected to a 400-square-foot fuel fire. Basically, the
fuel fire is set adjacent to an intact fuselage section instrumented with thermocouples, heat flux
transducers, and cameras to attempt to determine penetration locations, firepaths, and important
event times. The last of three tests was completed in & compartmentalized test article in a wheels-
up configuration; i.e., test article resting on ground. The preliminary findings are as follows:

1. The aluminum fuselage skin melted in about 1 minute.

2. The fiberglass insulation acted as a fire barrier in areas where the fuselage skin melted
away and prevented any heat damage to the sidewall panels.

3, Earliest penetration of small flame into the fuselage was at door edge areas (however, no
sustained burning was observed).

4, Smoke obscuration inside the cabin, apparently due to pyrolysis of materials adjacent to the
heated fuselage, occurs much earlier than significant flame penetration.

Currently, preparation for an additional series of tests with the landing gear deployed is under
way with completion planned by spring 1989.

POOL. FIRE IMPACT ON AIRCRAFT FUSELAGE

Consider the condition of a large external fuel fire adjacent to a fuselage opening. For the
case of minimal flame entry into the opening, the primary impact of the fuel fire on the fuselage
interior is high levels of radiant heating confined to the immediate vicinity of the fuselage
opening. Experimental and theoretical studies have analyzed this case for a Type A door opening in
the fuselage. Using various diameter fuselage models and pool fire sizes, the maximum thermal
radiation through the opening was established (24). A maximum value of 1.8 Btu/ft?-sec was measured
at the fuselage symmetry plane at an elevation of one-half the door height. By treating the fuel
fire as a radiating body at 1874 OF, the theoretical thermal radiation profiles inside the fuselage
were computed 524] and are shown in figure 1. For example, thermal radiation to the {loor varies
from 14 Btu/fts-sec at the door to near zero at the symmetry plane, indicating the magnitude of the
extreme gradients in radiant heating. Therefore, because of the fire resistance of aircraft interior
materials, under the conditions of minimal flame entry into the fuselage opening, the fire will be
confined for a period of time predominantly to those materials immediately adjacent to the fuselage
opening. Also, very little of the thermal radiation from the fuel fire is directly absorbed by the
cabin air.

The factors that greatly affect the case of flame entry into the fuselage opening are wind
conditions, door opening configuration, and fuselage orientation. The worst case is when the fuel
fire is upwind of the fuselage and there are openings on the downwind side of the fuselage. In this
case, full-scale tests in a DC-7 fuselage (25) and 1/4-scale model tests (26) have shown a rapid
development of nonsurvivable thermal conditions within the fuselage. The results were due entirely
to the fuel fire effects since both test articles were devoid of interior materials. On the other
hand, if no downwind doors are open, but instead there are additienal doors open on the upwind side
but not exposed to the fire, the hazard development in the cabin will be greatly retarded. The
results of full-scale tests (25) for these two cases are shown in fipure 2. Also shown is the case
with all doors closed, which matches the upwind-deor-only-open case until the absence of ventilation
through a door opening causes the temperature to increase at a faster rate. Another case is when the
pool fire is downwind of the fuselage. For this scenario the hazard development within the cabin
will be primarily from radiation in a manner similar to the pattern described in figure 1.

In order te¢ examine survivability when wind conditions cause significant flsme penetration into
the fuselage, & number of tests were ¢onducted in the C-133 test article without interior materials
(27). The tests were conducted outdoors and under wind conditions that forced the fuel fire flame
into the test article. Two doors were employed, one adjacent to the fuel fire and the other 60 feet
away on the same side of the fuselage. Generally, the fuel fire hazards inside the fuselage
accumulated more rapidly as the wind speed increased. On the basis of measurements taken at a height
of 5 feet 6§ inches, and at a location 30 feet away from the fire, it was concluded that both elevated
temperature and smoke obscuration were greater deterrents to survivability than was carbon monoxide.
At this measurement location, the concentration of carbon monoxide never reached 100 ppm under severe
wind conditions that caused temperatures to exceed human survival limits and smoke to totally obscure
visibility. Thus, it appears that for those accident scenarios in which fuel fire hazards are
injected into the cabin, the main early threat to occupants, before burning interior materials become
a factor, will be elevated temperatures and reduced visibility from smoke.

POSTCRASH CABIN FIRE CHARACTERISTICS

The cabin hazard characteristics of a postcrash fire dominated by burning interior materials in
a wide-body aircraft have been reported previously using a €-133 test article {3,4,5,6}. A realistic
scenario was conceived and developed, consisting of an intact fuselage with an opening adjacent to an
external fuel fire under quiescent wind conditions, that creates cabin cenditions in which
survivability is controlled by burning materials and not by burning jet fuel (3). The remainder of
this paper describes a recent and final C-133 test, employing more extensive cabin furnishings and
interior panels, to examine several aspects of postcrash fire survivability not heretofore studied.



Objectives: The objectives of the test were as follows:

1. Determine fire/hazard progression in postcrash fire environment with emphasis on post-
flashover conditions.

2. Examine factors affecting survivability.

3. Evaluate performance of "generic" protective breathing equipment (PBE) filter.

Experimental Approach: The overall experimental arrangement is shown in fipure 3. The forward
cabin was completely furnished over a length of 45 feet, in contrast to previous tests where only a
small section surrounding the fire deor was furnished with up to three rows of seats. In this test
there were 14 rows of seats, in a double-triple-double seating configuration, and 3 single triple
seat in front of the palley, for a total of 101 seats. Surplus aircraft seats protected with fire
blocking layers were used. The carpet was 90/10 wool/nylon. The sidewalls and stowage bins were
surplus assemblies constructed of epoxy-fiberglass honeycomb panels. The ceiling was composed of
flat sheets of epoxy-fiberglass and epoxy-Kevlari™ honeycomb panels.

There were a number of other features that differed from past tests. The test was conducted for
12 minutes, as compared to 1-5 minutes in previous tests that were terminated shortly after
flashover, in order to examine post-flashover survivability. The ceramic insulation that protected
the fuselage roof in the vicinity of the fire door was removed to allow for possible fire burnout in
this area with potential venting consequences on the cabin environment. Finally, to enhance realism
a small number of carry-ons were placed in stowage bins and beneath seats.

Instrumentation generally consisted of temperature and heat flux sensors in the forward,
furnished cabin and gas, smoke, and temperature collection/measuring devices in the rear, unfurnished
cabin. The instrumentation has been described previously {3,4). An interesting refinement for this
test was a gas sampling line switching arrangement for the continuous analyzers {CO, 007 and 03} at
stations 650 and 880 that allowed for changing 1o a lower sampling location when the amalyzer became
saturated. PBE filter performance in terms of possible clogging and gas removal (primarily C0) was
also measured in the rear cabin. Filter clogging was determined by measuring the pressure drop
across six filters at low, wedium and high air flow rates at two elevations located slightly aft of
the galley (28). Gas removal effectiveness was determined by mounting 2 filter on a box connected to
a breathing machine and continuously measuring the concentrations of CO, 0Dy and 07 inside the box
(29). The box represented the air space inside a smoke hood when donned by an indlvidual.

Test Results: To swamarize, survivability was dominated by cabin flashover and extreme fire
hazard gradients such that the fire hazards decreased fore to aft and from ceiling to floor.
Furnishing the test section more extensively with interior materials had no observable &ffect on the
outcome: i.e., the fire characteristics were similar to previous tests. Over the JZ2-minute test
duration the cabin fire did not burn through the fuselage roof area where the ceramic insulation had
been removed. Intense cabin flaming, triggered by the flashover, persisted for about 1 minute and
appeared to self-extinguish when oxygen levels diminished substantially. The most notable
observations after the test were that the entire ceiling was consumed by fire, as were the outboard
seats in the immediate vicinity of the fire door. For the remaining seats the most striking
observation was that the dress cover of the seat back cushion was largely burned away but that the
fire-blocked foam was still present.

The thermal characteristics of the flashover were measured by thermocouples placed slightly
above the center seat top at rows 5, 7, § and 15 (row 4 was at the fire doorg. As shown in figure 4,
it appears as if the onset of flashover occurred at 210 seconds and, based on the separation between
the rising portion of the profiles, propagated at about 60 feet per minute, or at a rate of one seat
row about every 3 seconds. Before flashover, the seat top temperature was near ambient value. The
flashover caused peak temperatures of 1600 ©F to 1900 OF. The trailing edge of the profile indicates
self-extinguishment of the cabin fire and gradual cooling of the interior.

The intensity and duration of flaming combustion in the upper cabin caused by flashover was
measured by total heat flux transducers, located at the center seat top of rows 1, 4 and 13, pointing
toward the ceiling (figure §). The data indicate that total cabin fire involvement continued for
approximately 1 minute and that the iIntensity was considerably greater near the fire door but tapered
off toward the front and rear of the furnished cabin.

Pronounced stratification of cabin fire hazards was evidenced by measurements and visual
observation. Even on the symmetry plane at station 880, in the aft cabin across from the exit doar
opening, the temperature varied considerably from floor to ceiling (figure 6). For example, the peak
temperature at the ceiling exceeded 900 OF, while at ane foot above the floor the temperature was
about 125 F. Heat stratification occurred before and after flashover.

Based on light transmissometer measurements on the symmetry plane at station 880, at elevations
of 5 feet & inches, 3 feet 6 inches, and 1 foot 6 inches, the sudden reduction in visibility caused
by smoke created by the flashover was evidenced (figure 7J}. The data indicate that the smoke
descended downward at a rate of 8 feet per minute and, at a given elevation, the percentage light
transmission from smeke accumnlation changed from 100 to zero in 15 seconds. Visibility reduction

due to smoke preceded in time any apparent impairment to occupants from elevated temperature or toxic
gases.



Gas concentration profiles on the symmetry plane at station 880, at elevati “ystems,
inches, 3 feet 6 inches, and 1 foot 6 inches, are plotted for COz, 03 and CO in
respectively. As discussed earlier, the data are in segments because the gas an
to sampling lines located lower in the cabin when the readings saturated. Analy
the graphs indicate a rapid increase in (07 and CO concentrations and a correspom
concentration because of flashover in the forward cabin. Significant stratificas
gases was evident throughout the test. Gas concentrations and Oz depletion were
more than half of the upper cabin. Only in the lower several feet of the cabin w
concentrations low enough to perhaps allow for escape over a short peried of time
cabin the primary threat to survival appears to be €O, due to the relatively high
and moderate temperature rise.
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Hydrogen fluoride (HF) and hydrogen chloride (HC1) profiles at station 880, ¢. . .ccu 0 1nches
and 1 foot 6 inches, are shown in figure 11. The trends are very similar for these water-soluble
acid gases as exhibited by the dry gases Q0 and 007; i.e., the acid gases were penerated as a result
of flashover and the acid gases are also significantly stratified.

At station 880 the temperature profiles shown in figure 6 were analyzed to determine the thermal
threat to survivability. The fractional effective dose (FED) concept introduced previously (3) was
employed to compute whether incapacitation would occur as a result of elevated temperatures. The
thermal FED profiles shown in figure 12 indicate that at 4 feet and below, survival may be possible
from the thermal threat alone. To peneralize, the temperature measurements taken throughout the
cabin indicate that the thermal threat decreases the farther away you are from the fire and the
closer vou are to the floor.

The cabin hazards data suggest that survival may be possible in a post-flashover environment
near the fleor in a crawling position and close to an exit door opening where fresh ocutside air is
entering the cabin. To examine this hypothesis, CO and 0; concentration measurements were taken just
inboard of the aft exit door opening at an elevation of 1 foot & inches (figure 13). The fluctuvating
natute of the curves suggests a delicate exchange at this leocation between combustion gas exhaust and
fresh air intake. An FED analysis of the CO profile indicates that incapacitation would occur at
about 560 seconds, assuming 2 negligible effect from the lowered oxygen concentration (approximately
18 percent), any other toxic gases, and any elevated temperatures. This time of incapacitation is
about & minutes after the onset of flashover. One may conclude that there is a survival zone
surrounding an exit door opening wherein survival is possible in a crawling position for several
minutes in a post-flashover cabin environment.

The function of a PBE filter is to remove toxic gases and smoke particulates from a combustion
environment in order to furnish breathable air to the wearer. One potential problem is clogging from
massive deposition of smoke particulates. To examine this effect the pressure drop was measured
across filters drawing air at three different flow rates, representative of a range of inhalatioen
rates, placed at 5 feet 6 inches and 3 feet 6 inches, at station 880. As shown in figure 14, a rapid
increase in pressure drop occurred immediately following flashover because of the high loading of
smoke particulates. However, the results are inconclusive since the pressure gauges could not be
read after the initial increase because of smoke obscuration. WNevertheless, the data indicate a
potential problem that requires further study.

The other aspect of PBE filter performance examined was effectiveness in removal of CO, which is
generally considered the most hazardous toxic gas produced by a fire. Figure 15 presents the results
with the breathing machine/box arrangement briefly discussed earlier (28). The high concentrations
of CO measured downstream of the filter indicate that the filter was apparently saturated by the
extremely high concentrations of CO produced by cabin flashover, allowing large quantities of CO to
pass through. Thus, the particular filter evaluated appears unable to cope with the high levels of
0 produced by flashover. Whether PBE, in general, can and should be effective in a post-flashover
cabin environment is & broader issue that needs to bhe addressed.

Another recognized problem with filter-type PBE is that this type of equipment was not designed
for use in a fire environment with oxygen depletion. Measurements of Oy downstream of the filter
with the breathing machine/box arrangement illustrate the obvious; i.e., oxygen depletion in the
cabin environment will be experienced downstream of the filter, but only after a lag time of 30-60

seconds, caused apparently by the effects of the initial volume of fresh air beneath the PBE hood and
the 07 concentration in exhaled air.

ADDITIONAL WORK

Full-scale tests provide the esseniial data needed to understand the characteristics of
postcrash cabin fires. Current FAA test activities will broaden this data base and, hopefully,
improve our understanding of the postcrash fire environment. As summarized in the paper, full-scale
tests are being conducted to determine the mechanisms and time framework for fuselage burnthrough by
an external fuel fire. A new, comprehensive full-scale test activity is also underway to evaluate
the effectiveness of an onboard cabin water mist fire suppression system. Tests are planned in both
standard-body and wide-body test articles. Fire scenarios will include an external fire adjacent to
a fuselage opening, as studied previously by FAA, and a new scenario consisting of cabin fire
penetration by floor burnthrough. Wind will be simulated and varied for each scenarios. Thus, the
water mist test program will provide data comparisons that have received little attention in the
past; i.e., the effects of fuselage volume {standard- versus wide-body cabin) and fire scenaria
{immediate versus delayed flame penetration, quiescent versus finite wind).
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SUMMARY

With modern day appliances and equipment a well trained fire service unit should be able
to effectively deal with any exterpal fire that may occur at a survavable aircrafrc
accident situvation.

Incidents that have occurred during recent yvears show that we still require to find a
pesitive approach te what 15 loosely referred to as the rnternal firxe. Mew legislaticon
does call for higher fire resistance standards but fhere will always be the reguirement
for fire serwvice personnel to deal with this type aof problem. A number of attempts have
been made to address this problem by using varlous methods to 1nject elther water or
halen gas. Whilst these attempts are a possible way forward they have rnherent problems.

The fire serwvice are faced with a situvatign over which they have no contrel and cannot
alter in any way. These are - response time, the possible need to deal with an external
fire first, passengers evacuating and thereby using exits and denylng access or exLts

that have been left open by escaping passengers and will allow any exterior fire to enter.

ht the present time the United Kingdom are testing a system that does address these
problems. It is really two systems in one, firstly to allow onboard water to be used
through the cabin area at wvery low consumptlion rates activated immediately on impact.
Secondly, the ability for external services to connect to the system without entering the
fuselage and thereby maintain the water sprays whilst evacuaticn continues Or rescue
actions take place.

Y. INTRODUCTION

Over the last twenty years we have witnessed great improvements in the equipment
and appliances that are available to the Aerodrome Fire Service to enable them

to carry out their duties. These have come about 1n a number of ways, larger
amounts of fire fighting mediaz that can be carried in the mobile wmode, large
appliances with vastly improved acceleration, large output monitors and therefore
greater application rates as well as i1mproved fire fighting foams and complimentary
media suvuch as the halons and improved powders.

Equally as important we have wWwitnessed a change i1n attitude of Civil Aviation
Management in some parts of the world. They now recognise and appreciate that the
fire service do have an effective part to play and can be instrumental in saving
many lives at a major aircraft accident as well as preventing a minor incident
developing into a major cone.

Because of these developments I believe that we have reached the stage where any
well equipped, well trained aerodrome fire service unit should be able to intervene
and effectively deal with any external fire situvation that may occur at a
survivable aircraft accaident situation, particularly tf they are following the
minimum standards as laid down by the International Civil Aviation Organisation.

Unfortunately 1t must be sa1d that there has not been the same improvements with
regard to the internal faire sitvation. Whilst there has been some international
legrslatron to aimprove the fire resistance of aircraft 1nternal matervials, and some
cequlpment manufacturers as well as individual asrocdrome brigades have attempted to
overcosme the problem 1n their own way 1t still remains and will do 50 for the
foreseeable future. It 1s sad to say that the majority of aerodromes skill have to
deal with this type of i1ncident with the same outdated methods that they have had

to use for the past two or three decades because they have no practical alternative.

It is the wintention of this paper to briefly review the problem and discuss the
' egquipment available both present and future with their assccaited advantages oOr
disadvantages.

2. THE PROBLEM

The fire service are faced with a situation that can develop through a number of
parameters over which imitially they have no contrel and cannat alter 1n any way.
Broadly they can be described as follows.
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i The products of combustion or physical fire within the fuselage.

ii The necessity to deal with an exterior fire and at the same time to safeguard
the fuselage and the pecople within ig,

i1l Application of Media to the interior of the fuselage.

iv Entxy 1nto the fuselage for fire fighting or to rescue incapacrtated passengers.

v Response time

Any one of these parameters can happen individually ¢r as a combination of events
and it is not unusual for all to happen simultanecusly.

Passengers that are trying toc escape from an aircraft may in their confused state
open exits without being aware that there is an adjacent external fire. If this
does happen then experience shows that the exit is never replaced and there is a
ready opening which will allow smoke and combustion products or even fire itself
into the fuselage which will guickly have an effect on the passengers and may even
be the source required to start the internal furnishings burning.

Modern c¢ivil aircraft whilst structurally strong are constructed from some material
which have a relatively poor resjistance to fire apd will start to decompose at
temperature as low as 600°C. This is a low temperature when measwured against fire,
consequently if the fuselage suffers from flame contact or even severe radiated
heat, fire break through can occur and the exterior fire has direct accegs to the
ayrcraft interior.

We can do nothinmg with regard to the passenger participation aspect as to restrict

them in anyway would be unacceptable to the traveling public. Therefore our only
way of combating this area is by fire hardening the fuselage and increasing the
fire resistance of individual interior materials. This is an area which is outside

the expertise of the operational fire service and is dealt with more fully at a
later stage by more qualified speakers but suffice to say that the spray/mist
system which is at present being evaluated and tested and will be discussed later
1n this paper has already shown the ability to achieve this.

The exterior fire may be of such dimensions or intensity that it is necessary to
deal with this before any entry can be made into the fuselage. The purpose being
to safeguard the people i1n the aircraft and to create a path which would enable
them to evacuvate the aircraft safely. This therefore commits possible timikted
manpower apd resources which may ctherwise have been used to advantage inside the
alrcraft.

1t has long been suggested that we reguire a dedicated crew and appliance for the
internal fire. Whilst this may initially appear tc be the answer it must be
remembered that manpower is the most expensive i1tem of any fire service and if they
are Wworking to a liwmited budget then othex areas of the service must suffer.

They arxe also resticted by the lack of equipment designed especially for the task
of the aircraft interpal fire. They may also experience some delay in entering
the ajircraft due to passengers evacvating through available entry points. There

is no doubt that the extra men and media would be an advantage, the way in which
they should be used would need careful consideration.

Toe deal successfully with any fire the extinguishing media must be appliad
directly te the fire. Failure to do this means that a large percentage of it has
been wasted and in the case of limited supplies on an airfield may mean the
difference between successful extinguishment or failure and the loss of life.
This means thatthe media must be applied inside the fuselage, the means of doing
this at the moment are very restricted. They consist of conventicnal spray
branches which are taken inside the fuselage or "spray pierces"™ whieh are driven
through the skin from outside and then connected to a pumping appliance. Whilst
these plercers enable water to be delivered to the interior without actually
entering the fuselage there are a number of drawbacks.

The spear must be introduced above seat ievel, but below luggage rack lewvel.
Failure to do this means that the water spray 1§ either trapped between two Segat
rows or in the luggage bin. Even on a narrow bodied aircraft this gives a height
problem and means the firemen must work from a ladder and 1t 15 not easy to gain
sufficient purchase to pierce the skin manually. This can be overcome by using a
powered toel te cut a hole first but can be very time consuming.

There may be no 1ndicatlon where the seat of the fire is situated so the whole of

the fuselage i1nterror would need to be cowvered. 0On a 737 type aircraft this would
take a miniwum 4 sprays (each one gives about 20ft coverage) this would be outside
apy realistic time span 1o aid the people in the aircraft. It would of course take

more sprays and a great deal more time for the same effect to be achieved in a wide
bodied aircraft.

Again this would mean a dedicated water supply, but meore rmportant, sufficient
manpower to enter the spears through the fuselage and to run the necessary hose.
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kR ground faire may praclude immediate access to the skin of the aircraft and
thereby delay the entry of water.

One vehicle manufacturer has attempted to overcome some of these problems by
making the water spears mechanically operated by the means of an extended
hydraulic arm which will make the necessary entry into the fuselage and allow water
to be pumped through the arm and into the fuselage. Bearing in mind that a
minimum of four sprays would he needed this 1n turn means that four extra vehicles
would be needed with the additicnal manpower requirements. This method would not
overcome the problem of the external fire stopping these vehigcles from gettaing
close encugh to the fuselage so that they could operate thelr extending arms
successfully. There may be a number of other reasons why they cannot get close
enough even if the fire has been dealt with, this could be wreckage, fuel spillage,
dizsrurbance ¢f the foam blanket that has been 1laid an fighting the fire or even
escaplng passengers that are sti1ll in the close proximity to the fuselage.

Experimental work has also taken place in the United States of America using the
same basic principle of extending arms from vehicles, but in their work instead of
using water for the interior fire they have used halcn gas and this work is well
documented. It 1§ not the purpose 0f this paper to discuss the relative merits or
disadvantages of uwsing 4 gas versus water. However it must be pointed ouwt that
whilst a halon may well extinguish the fire 1t wi1ill do nothing to improve the
atmosphere within the fuselage. As will pbe discussed later water spray does have
the adwvantage of "cleaning” the atmosphere tc create & more breathable condition
for people who are delayed In evaecuation or trapped 1nside the fuselage.

Entry into the fuselage must take place as gquickly as possible 1f the object of
putting water on t¢ the seat of the interior faire 15 to bhe achieved. This however
depends entirely on the sitwvation on arrival. As already discussed the external
fire may prevent this, but even if this 1s not a problem then evacuating passengers
may well ba. If all available entry points are being used by pPassengers Lo exit
the aircraft then fire service personnel must wait until this has been cleared as
to try and force therr way in would disrupt the evacuation and 1n any case it is
nearly an impossible task to try and sStop people in this situation. If the
airrecraft is still on 1ts undercarriage there would be the additional problem of
escape siides to overcome and although this 1s not a difficult task it is time
consuming. Firemen entering a smoke logged fuselage should he equipped with self
contained breathing apparatus and whilst this is deope at a large number of airports
it is by no means standard procedure throughout the world.

WATER SPRAY SYSTEM

The 1dea of using water spray systems 1n aircraft is not new by any means. Over
the yvears a number of studies have been made. The laszt meaningful eone was
sponsored by the Federal Aviation Administration {FAA) 1n 1983 and came to the

conclusion that a water based system would offer a broad protection base unfortunately

thais study did not result in any known work to develop the concept. When thinking
about this type of system it always appears to be developed along the same lines

as a structural sprinkler system that is with highlocalised flow rates with the
primary purpose of extinguishing an established fire which has the inherent problems
of large amounts of water required with conseguencial weight factors which are not
conducive to aircraft operations.

One alternative which is showing promise is a low flow rate internal spray system
develaped by Safety {aircraft and Vehicles) Eguipment Ltd (SAVE). Spray nozzles
installed in the cabin ceiling can £ill the cabin and the dead space above the
cerling with a heavy water mist. Because of the low flow rate reguirement of the
system a significant level of protection can be provided by water carried onboard.
Thi1s system concept also provides for the incorporation of exterior c¢ouplings
accessible to the airfield fire and rescue services which allows much highexr flow
rates to be supplied from the faire appliance. This combined system would allow
for the first time protection inside the fuselage from the moment it is reguired
therefore overcoming the problem of reponse time and alse allowing the fire and
rescuve services to attack the internal fire i1mmediately on arrival without having
to make &ntry 1nte the fuselage thereby owvercoming many of the proplems discussed

garlier. Thle new spray mist concept has been developed using an unfurnished and
fire hardened VvC10 fuselage and demonstrated using a fully furnished Trident
aircraft. The UK CAA haes carried out a review of worldg wide accidents invelving

fire deaths over the period 1966 to 1985 and has concluded that the benefit
attributakble to the carriage of an onboard cabin fire suppression rapability such
as a water sSpray System is likely to be substantial. 1t therefore concludes that
the cencept 1g suffaclrently promising ©o he the subject of further 1nvestigation in
particular to define more precisely the likely benefit, to establish 1ts
gfectiveness 1n wide body aircraft and to optimize the system and to determine
whether additives would be desireable to enhance toxic gases absorptioen. The

CAA envisages that this further work would be carried out on an Lnternational

bas1s and has therefore anikbirated discussigns with the FAAR and other authorities
with a vie¢w to entering @ ccllaborative programme.
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To enhance the chances of survival in a ground fire emergency two basic opticns

are available, to increase the evacuation rate from the aircraft or to extend the
time for which survivable congditions exist withan the cabin. A watey spray

system would be expected to achieve the latter of these two options. Firstly the
"onboard” system distributes water carried on the aircraft and would have sufficient
quantity to be self sufficient for the firs:t minutes of the emergency. Secondly,
the “Tender” system uses water provided by the fire and rescue services and consists
simply of suitable ground connections to the distriputlion system.

From work already carried out the "onboard” system appears to have the potential cto;

i Eire harden the fuselage structure to© an extent that penetration of an external
fire through the skin of an aircraft in to the cabin can be delayed,

ii limit fire propagation within the cabin by the absorption of radiant and
convective heat from either an internal or external fire and as a result
prevent the cccurrence of a flash fire,

iii reduce the threat to life by the “washing“ of the cabin atmosphere thus
limiting the buildup of toxic gases and solid particulate from the fire that
would have an adverse effect upon both sight and breathing.

The Tender system used on fire serwvice arrival has the potential to enable the fire
and rescue services to extinguish an internal cabin fire, enter the cabin and
assist in the removal of any remaining passengers.

Considering these objectives in more detail, the benefiv of fire hardening could
be substantial. Provided there 18 no structugal break-up, a fuselage which resists
fire penetration will also prevent the rngress of smoke and toxic fumes {roem an
external fire. To achieve this, water would need to he spravyed onto all internal
surfaces of the fuselage skin to maintain skin temperature below their melting
point, this would not appear to be wvery practicable or worthwhale in those areas
where cabin insulation is installed. In any case, above floor level the thermal
and acoustic insulation will tend to act as a secondary fire barrier once the skin
is penetrated. The most likely areas where water could be effectively applied
tends to be in the below floor and Keel areas and, fortuitously, these are
probably the areas at greatest risk to an initial fire threat. However, some
degree of protection would be afforded to this underfloor region through the
effects of drainage from an above floor system, but this may not be sufficient ta
fire harden the skin inm all carcumstances. Whether or not it would bhe worthwhile
to provide sprays in such areas or whether reliance could be placed upon the
draining of water from an abowve floor system would need to be established.

For a4 water spray system tg absotrb effectively radiant and convectaive heat, the

water sSpray needs ta be fine and evenly distributed. It must not howewver, be so
fine that it cannot penetrate powerful convective gas flows generated within a fire,
noer must it be so fine as to adversely affect vision, ie fog. Te "wash out" solid

particulate generated by the fire, the water droplets must be small in diameter
and large in number s¢ as to bombard the smoke, carxying the solid to the floor.
The same 3is true for the absorption of the water-soluble toxic gases. The
effectiveness of this “wash out" is also dependent uponrn a homogencus water spray
distribution throughout the cabin. There must be no regions within the cabin or
above the cabin ceiling through which hot smoke and toxic gases can migrate
forward or aft.

Clearly, for an onboard system, it would be important for the water spray pattern

to be optimised to mimimise the amount of water that must be carried as this bears
directly upon the weight of the system and thus on the aircraft’s operating cost.

On the cother hand, a “"Tender" system 1s not so constrained and is only limited by

the ability of the fire service rescue personne)l being able to reach the aircraft
with a suwitable water carrying appliance. I1f the Tender system i5 to have a
capability of extinguishing a cabin fire, water flow rates would need to condiserably

exceed those of the on-board system. This could be achreved by dual flow rate
nozzles.

Adlthough the on-bgard and tender system$s have been considered separately 1n the
above discussion, they are complementary 1n purpose and could readily be integrated

tnto a single installation. The bulk of the testing has been performed 1n a
combined system.

All research effors have been directed rowards the ground use of the on-board
system only and the prelaminary benefit 15 based upon assumption. Whether or not
the system could be used in flight is at present unknown. If it could he shown
that such use was unlikely to be catastrophic, 1ts use could be constdercd at

least as a "last ditch” measure. It 1s open to question whether design precautions

should be taken in respect of other systems {eg, electracal supplies, aviocnics) to
facilitate such use.



TESTS

The initial test scenario was a fire within the cabin of a VCl0 aircraft hulk
arising from a fire penetrating the fuselage, entering the cabin through the
alrcraft floor and immediately attacking the aircraft seating. Tests not only
confirmed the rapid fire~kill ecapabil:ity of the tender system but indicated the
extent to which an on-board system could limit fire develcpment and maintain
survavable cabin temperatures threoughout the test.

Following discussions with the FAR, a second scenario was evaluated. An openlng
egulvalent to a Type A exit was cut 1n the side of the fuselage and fire hardened
ijocally with steel sheeting. An external pool fire was simulated using a L0ft x 8ft
tray of burning kerosene immediately outside the fuselage opening. Seatg were
arranged inside the fuselage with the most forward seat row aligned with the exit
centreline. Here agaln results showed that, while the on~beoard system was in use,
little or no fire development occurred withain the fuselage and that fire damage

was limited to the exposed outbeoard edges of the seat armrest and cushion and seat
back upholstery. Throughout such tests the cabin environment remained survivable
witheut any form of respiratory protection. The facility also provided the
opportunity to refine the nozzle design and to develop guide-lines For their spacing.

Having reviewed the results of these tests, it was decided that a programme Of tests
in a fully furnished aircraft was then needed using a fire scenaric similar to that
which existed In the tragic accident to the B737-200 arrcraft at Manchesrer 1n
hugust 1985,

Proof of Concept

The CAR collaborated with SAVE in a series of tests to confirm the effectiveness of

the system 1n the case of a pooled fuel fire and a fully furnjished axrcraft. Nge
was made of a Trident 2 arrcraft at the CAA's Fire Service Tralning School at
Tees-s1de. Three tests were carried out with, in each case, a substantial fire

under the rear of the aircraft aft of the wing (comparable 1n positien and intensity
to the fire at Manchester}) which was allowed teo burn for approximately three

minutes before axternal fire fighting commenced. In all cases the cabin spray
system was switched on when smoke entered the cabin, {for a production installation
this watey would be carried on board).

i In the first test rhe aircraft was intact at the start with the rear baggage
held full of baggage. The fuselage skin below cabin floor level {baggage nold]
was sSubstantially destroyed, and there was considerable damage to the structure
behind the rear pressure bulkhead. The fire did not penetrate the cabin, and
temperatures throughout remained surwvivable.

33 In the second test, with crudely repaired skin, the baggage hold was again
filled but the fire vapidly destroyed the repairs so that the protection
provided by the baggage was guickly lost. As a result the cabin floor above
the baggage hold was severely damaged with only the upper skin of the "sandwich”
copstruction floor remaining intact. Again, there was no fire penetration of
the cabin, and temperatures remained survivable. Fire dawmage aft of the rearx
pressure bulkhead was such that the talilcone and empenmnage fell to the ground.

iii Im the third test, the spray was removed from the toilets and the area of the
last four rows of seats. The fire thus gained entry to this part of the cabin
very rapidly indeed, and it was totally destroyed. The water spray kept the
fire at bay such that the sprayed part of the cabin suffered no fire damage
whatever and the temperature remained survivable.

In summary, not only did the spray system kéep the cabin temperature survivable in
the face of a fully developed fire in the cabin, but it also provided a degree of
protection against fire penetration through aircraft structure which was wetted on
the inside.

However, saignificant levels of carbon monoxide were measured in the cabin 1n all
three tests, and further work is needed to assess its origin, extent and significance
ro evacuating passengers.

SYSTEM DEEIGN FEATURES

Althougin a fully functional airborne standard has yet to be designed and developed,
there i1s nothang anticipated in the cabin water spray system concept which would
tntroduce technologies or deslgn practices not already 1ncluded in other aircrafru
systems. In this section some of the more significant design features are
discussed.

On Board System
An on board system could pe expected to consist of:

b water supply of adeguarte duration,



iii distributaion system,

iwv means to inject the water into the reguired fuselage zones, and

v megans Lo "arm” and a means to initiate the system.

The installation would need to take 1nto account environmental facters such as
temperatures and the inertia forces that can exist in an otherwise survivable crash
1 which a fire ensues.

Water Supply

The guantity of water that would be reguired to be carried would depend on system
design duration, (ie, how long it would be able to afford protectlon while passengers
and crew evacuate the aircraft) and on system flow-rates.

Duration

Each aircraft type before certification must be shown to be capable of evacuation
of a full passengex lead, using half the exits, inm less than ninety seconds. This
i5 a design condition and assumes an orderly evacuation. There is no implication
that, in all circumstances, an alrcraft can always be evacuated within this time
limit. In reality an evacuation may take from as little as thirty seconds to as
much as five minutes, depending upon the particular circumstances of the accadent.
Where fire 13 involved, condairtions within the cabin are likely to become
unsurvivable withain five minutes unless some means 1s introduced to delay the fire
development. However, the tests have shown that a spray system can be expected to
delay both the fire threat and the deterroration of conditions 1n the cabain. a
system duration of three minutes would afford survivable cabin environment for
some time beyond the system operating periocd and possibly as much as five minutes.
It 1s suggested therefore that a three minute minimum design duration would be
approprrate for the on-bocard water spray system. This opersting duraticn has

been uwused for all full scale tests so far performed. This alse corresponds to the
internationally agreed maximum time for the fire rescue services to reach an
accident on the airfield. In this regard it ig relevant that & major proportion
or survivahle fire accidents do, in fact, occur on airfields.

Flowrate

The system development tests conducted by SAVE in the VC10 test fuselage in 1987
suggest that, for a narrow Podied aircraft, a flowrate of about 0.7 éallons of
water per foot-run of cabin per minute is needed. For an aircratt the size of a
Boeing 737 aircraft this eguates to approximately 1S5gallens/sminute {45 gallens forx
a three minute system}.

HOTE @ For the same spray density a wide bodied aircraft could be expected to
require considerably more, say 0.33 gallons per foot which would be equivalent to
about )45 gallons for a three minute system. However, tests would be necessary to

substantiate this crude estimate.

Although a1t would be attractive from weight considerations to make as much use as
possible of drinkable (potable) water already carried on the aircraft, this could
create practical difficulties. Firstly, there is a rigsk of contamination of the
drinking water and secondly there would be the npeed to ensure that there 1s always
a minimum reserve retained for the water spray system.

On current aircraft, potable water is often largely depleted by the time the
aircraft arrives at its destination and would therefore be unavailable in a post
landing accident. It would therefore seem to be essential teo have dedicated water
supply to provide a specific minimum pericd. Means for interconnecting this to
the potable supply could, for accidents at takeoff, provide extended duration,

ie the potable water would be a bonus when available.

The number of storage tanks required for a specifice aircraft would need to take
intg account the system redundancy philoscophy. The likelihecod of a major fuselage
break suggests that at least two storage tanks weould be necessary, one located
towards each end of the fuselage.

Material used in the construction of the tank would need to take 1nto account

conslderations Such as simpact resistance, affects of fire and the range of working
pressuras.

Pumping System

Whnatever means 15 used to "atomise" the water 1nto a suitable spray, some form of

pumping/power system would be required. The power for such & sSystem could be derived
from a number of scurces but the most likely would seem to be either electrical or
pneumatic., Whatever the power sgurce, 1t would have to be i1ndependent of the

failure of any normal aircraft power sources or supplies, and one of the simpler ways
of achieving this independence would appear to be a stored gas pneumatic system that
pressurlzes the storage cylinder.



It could perhaps utilize components currently used to deploy inflatable ezcape
slides, 1e a rapid discharge, high pressure, gasecus, dry nitrogen Systewm. The
system wonld also need to Include approprliate non-return, pressure-regulating and
relief wvalwves.

Distyibution System

Ensuring that the water spray 1s fed to all the required regions of the fuselage
and at the same time minimlzing System water 1083 in the event of structural
damage to the fuselage in a surwivable accident, would reguire check valves,
restrictors, frangible self closing couplings etc. From the recent trials, it is
clear that distribution within the cabin would be unlikely to be achieved using

a single manifold except perhaps for the smaller aircraft cabin having 2z simple
internal profile. In most cases 1t can be expected that at leasc three main
distribution manifolds would be needed, one on the aircraft centre line and one on
each si1de of the fuselage, somewhere near the 1nterface between the side wall ang
the overhead stowage/passenger service un:its. Further lines feeding reoef and below-
floor area may well be necessary.

CONTROL

How the system would be controlled will reguirg very careful consideration. It
seems likely that the on-board system would always be armed for take-off{ and landing
but disarmed forother phases of flight. This action would probably be performed
manually by the flight crew but could perhaps be linked automatically to., say,
flighet altitude above the ground. However, this would be dependent upon appropriate
signals, electrical supplies etec being available in the cirxcumstance which might
eventaully precipitate use of the system. Any auUutomatic arming means woluld almost
certainly reguire a manual override devige:

1 to cover the failure of the auvtomatics, and

ii to allow the crew the "last ditch™ capability of 1nitiating the system to
combrat an uncontralled in-flight fire.

System initiation alksoe presents problems. Sheould it be "manual or automatic“? It
is concelvable that therral, UV or IR sensars could be lacated in the fuselage skin
which automatically 1nitiate the system. It 15 rmportanc, howewver, that the system
15 not injitiated by fires which are not a direct threat to the fuselage or its
occupants as a transient torching flame which may result from a "wet start™, or

a lecalised wheel brake fire or even solar heating or sunlight. For these reasons
a mapual control seems less likely to result ain unnecessary system operation. It
15 also most likely to ke "crash survivable™. But this ralses the question of

whe would be responsible.

It may be arqgued that the flight-crew, with their more intensive training, would

be less likely to overreact to a situation and would therefore, be less likely

to prematurely initiate the system. On the other hand they may be uvnaware of the
extent ©f the fire near the rear of the fuselage or, an a crash, they may have been
incapacitated. The cabin crew may be in a much better position to assess the

fire threat and initiate the system in a timely manner. They would however, peed
training.

On balance preference appears to be for a control system which is manually armed
and initiated, a4 system in which the "arming” is performed by the flight crew and
is capable of being initiated by both the flight crew and the cabin crew. The
location for the controls for use by cabin attendants would be near to those caban
attendant stations which are adjacent to floor level exits.

Even the production of an "arming" feature, the system may oOperate when it is not
needed erther as a result cof fallure, or overreaction of a crew member. Eicher
way it may be desirable to provide a "dump” function which would stop the system
discharge into the cabin so limiting the cabipn damage and the possible hazard to
egsentral electrical and avionic systems.

Environmental Factors

To date, all tests have been coenducted using water without any additives such as
"antifreeze". Glycols and similar agents can depress the freezing temperature to

a level where 1t would be unnecessary to drain the system during cold overnight
soak conditions. Howewver, such agents can produce toxic thermal breakdown products
which could represent an unacceptable hazard. Facilities for Sdraining the system
overnight, therefore, likely to bhe required.

A: with portable water systems the water tanks and controls may need thermal

protection in f£light, particularly xn long-haul flights with extended perlods at
high altitude.
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TENDER SYSTEM

A viable tender system presupposes that a suitable water supply is readily

transportable to the aircraft by the fire rescue services, and dedicated specifically
to this particular purpose. The air frame part of a “"tender system” would need

te be able to handle the high flow rates needed to extinguish an esctablished fire

and could be expected to coensist of:

3 ground vehicle connections accessible in likely fire scenarios, and
11 a distribution and spray nozzle system.
Ground Connections

The number and location of the tender connecticons for such a system would vary from
aircraft to airecraft. They would need to be readily accessible to the fire service
vehicles used in this role and should be located where at least one would be

clear of any likely ground fire and remain clear throughout the emergency.
Accessibility should not be adversely affected with any or all of the landing gear
collapsed.

With these c¢onstraints in mingd the most likely locations would be at each end of

the fustelage, on each side and just below the cabin floor. Wing tip connections
could be considered but, with the length of pipewcork feeding from wing tip to the
fuselage, this would be wvunerable to damage and would represent a substantial

weight penalty. Wing tips on large aircraft can also be & long way above the ground.

The type of connection uwsed would need reo be standardised and would have to cope

with flow rates of up to say 200 gallons per minute. To be realistic, standardisation
would have te be internationaaly agreed as would the provisioning of appropriate

and adeguate water supplies at each airport.

Distribution and Spray System

The distribution system, its redundancy and crash inteqrity would be very similar
to the on-board system discussed above. The spray nozZzles would need to be able to
cope with the higher water flow rates, Where both on-board and tender systems

were installed much ¢f the distribution system could be common to both systems,

particularly where nozzles were utilised whiech could coperate at both high and low
rates.

COSTS

The ¢ost implications can be broadly divided into the following areas installations
costs, maintenance costs and loss of payload due to the weight of the system. It
is difficult to gquantify exact costs at this time but estimates have been made on
certain assumed factors. These are, narrow bodied aircraft installed cost £80,000,
maéintenance £5,000, annual operating cost £8,000. Wide bodied aircraft £110,00,
maintenance £8,000,annual operating cost £12,000. It must be emphasised that these
figures are crude estimates and may well change as the system develops.

REMAINING CONCERHNS
Effectiveness in Wide Bodied Aircraft

All testing so far has been conducted in a narrow bodied VCl0 and a Trident II
aircraft. There has been no assessment in a wide bodied aircraft.

Whilst no majoxr problems are foreseen, it wmay be necessary to increase the number

of spray distribution manifolds to ensure complete coverage of the cabin interior
including loft spaces and particularly where multiple overhead stowages could result
in potential dead spaces.

Ceiling height may alsc influence spray penetration. A slight increase in droplet
diameter may be necessary to ensure good droplet penetration te floor level.

Further practical fire tests in a wide bodied fuselage are necessary to determine
optimum dreoplet si12e and distributien.

Carbon Monoxide

Whilst water in the form of a spray has the potential to absorb much of cthe water
soluble preoducts of combustion, 1ts ability to abserb carbon monoxide {(CO) is
minimal. In fact 1t has been suggested that the addition of moisture to the
combustlon process may potentlate the production of €O and hydrogen {H2Z] through
the reaction between the water and the hot carbonaceous products of combustion.

Addditives could be i1ntroduced into the water spray which may well reduce the total
CC yield but they, in turn, may create other hazsrdous thermal breakdown products.
Furthet tests are necesssary to determine whether such additives would be worthwhile.
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Effects ¢on Egress

In the tests so far performed, the reduction in visibility has been slight and is
rherefore unlikely to affect aircraft egress rates. However, wet floor surfaces
and escape routes may have an effect which needs to he evaluatced. Further trials
may be necessary to guantify such effects, 1including that of drenching of the
cabin occupants.

GEWERAL

The work carried out ¢ far would indicate that an effective water spray system
installed i1n an aircraft wowld overcome a large number of problems which now

face the fire service when dealing with an internal fire situation but most
importantly would extend the available evacuation time and give the capability of

water being applied to the interior of the aircraft before the arrival of the fire
service.

Although the systems have been described separately teo achieve the maximum
utilisation they should be conszsidered as a package and complementary to one another.

Work 1s now progressing both in the UK and the US2 to further the work particularly
1n regard to wide bodied aircrafrn. It 15 alse to include a dis-benefif sctudy

which will compare 1t with other suggested safety methods and the problems
associated with the ainadvertent discharge whilst the aircraft is 1n £light.
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SUMMARY

Ignitability eriteria for fuel vapors in alreraft wing tanks were analyzed. The effects of ambient
temperature, tank preasurlzation, and ventilation on the fiammabllity of the ullage gas mixtures have been
demonstrated using the ULLAGE computer code. It was shown that in the absence of tank inerting, flammable
mixtures are most likely to form at some peint during all transport and fighter missions considered. The
relative ignitability of wllage vapor mixtures versus the propane-air mixture called for in Military Stan-
dard 175TA was analyzed for a lightning strike scenario, for spark ignition and kot surface {gniticon modes.
It was shown that the military standard is not always a conservative evaluation of the wllage ignition haz-
ard. A progedure to determine when the ullage iz more readily ignmitable than the mixture specafied by the
Military Standard 17574 has been recommended.

INTRODUCT ION

Ignition of fuel wvapors in a fuel tank ullage poses potential ecatastrophic consequences. Therefore,
the ignitability of ullage mixtures Is an important part of the overall aircraft vulnerability evaluation
program.

The five stepa required for determiniatic evaluation of the hazard posed by the {gnition of the ullage
vapora are outlined 1n Figure 1. Since three elements are required rfor combustlion to take place: fuel,
oxidizer and the {gnition Sourge, the first step of the evalusation {s to caleculate the state of the ullage,
{.e., the pressure, temperature, concentrations of the fuel vapor, oxygen and inert gases. A convenlent
solution to this problem has been provided by Seibold {(1987) in the form of a computer code capable of pre-
dicting the state of the ullage versus time for input mission profiles.

The second step 15 to determine {f and when the ullage state will become combustible. Flammabllity
limits for Jet fuels are effected by changes In ullage pressure, Lemperabtue and oxygen congentrations.
Other mechanisms, suth as fuel mist combustion, cool flames, and diffusion {lames should also be considered
in this assessment.

IF the ullage mixture can reach combustible proporticns, the next step (step III) is teo hypothesize
various ignition scenarics and to determine asscciated reallistic ignitien strengths, The term “"ignition
strength® is a nebulous word used deliberately here which could denate the energy of the spark for a spark
fgnition mode, or the surface temperature for a hot surface ignition scenarie. A review of various ignition
scenarios was given by Kuchta (1975).

Step IV i3 to calculate the minimum ignition strength requirements for the ullage mixtures determined
in step I for each of the combustlion modes determined to be possible In step II, and for each of the igni-
tion scenarios considered in step III.

Finally, in step ¥V the minfmum required {gnition strengih ls compared with the ¢redible available igni-
tlion strength and a decision is made as to whether combuatlon will take place. If combustion {5 possible,
the corresponding peak pressure may be calculated to assess the damage potential. Generally, however, even
mild deflagrations are detrimental €o the structural 1ntegrity of the alreraft fuel tanks, and the accepted
practice i3 not to allow the possibility of ignition.

In traditional vulnerability studles, these five steps are lumped tegether. For example, in the caae
o' a projectile ignition scenmario, rounds are fired into a simulated fuel tank and the resulting pressure
rise is recorded {e.g., Clodfelter and Ott (1972), Pedriani and Hogan (1980), ete.,). Another example is the
Military Standard 175fA which recommends a test procedure to evaluate the possibility of ullage ignition due
to lightring strikes. In this test, a prototype wing section, housing the fuel tank filled with a 4.8 vol ¢
propane-air mixture (1.2 times stoichiomelric), is subjected to a seriez of simulated lightning strikes. If
the ignition probability of the propane-sir wmixture in the test were found to be higher than the maximum
allowed by the specification, spectal precautions such as inerting, should be consldered.

While this type of “lumped" approzch Is technically viable and may be cost effective in the short term,
the data obtained would apply only to a speecific tank design under the conditions tested. Therefore, for
each new design or each new set of operating conditions, additicnal testing is regulred. This can become
prohibitively expensive or dangerous when i{gnitability 43 to be ascertajned Cor io-flight conditions.
Another shortcoming of the lumped approach s the fact that it 1s difficult to establish the Imporiance of

individual factors 1n determining the outcome of the test and to identify those factors that are most re-
sponaible For acatier in the results.

In this paper, the steps outlined i1n Figure 1 wili he discussed using the lightning strike example. It
will also be shown that the Military Standard 17974 may not always provide a truly conservative asgessment
of the actual igniticn probabillty of the gases in ullage.



STATE OF THE ULLAGE

Fuel tank ullage condltions were determined by running the ULLACE computer code* {Seibold, 1987} for a
number of transport and fighter airplane missjons. The matrix of the computer runs glven in Table [ was
selected to isolate the effects of misajon day temperature, fuel tank pressure, and ventilation on the com-
position of the ullage mixture.

The profiles for the transport and the flighter (hot day and cold day) missions were, respectively,
taken from Tables 3 and Table ¥ of Seibold (1987). The following input parameter: were common Eo all the
cases summarized In Table I:

Fuel Type = Jet-a {JP-8)

Tank Volume = 77.70 ft5 = 2.20 m3

Fuel Surface Area - 25.8¢ rt° - 2.37 n°
¥ent Make-up Gas = Alr

The ratio of the fuel volume to swface area is used to determine the evaporation rate in the code and the
values used here may not be realistiec for the transport mission. The pressurized fuel tank cases were simu-
lated by inputing 4.7 psig (32 kPa) for the vent demand regulator, and 6.4 psig (44 kPa) for the climb valve
setiings. The fuel tank ventilation was simulated by allowing air scrub with zero sorub efficiency. A
modest ventilation rate of 0.2 Ib/min (1.5 x 1073 kg/s) was input. This ventilation rate corresponds to 24
volume changes per hour ror the init{ial ullage, and 2 volume changes per hour for the empty tank, under
standard temperature and pressure.

The calculated average oxygen and fuel vapor fractions are plotted against each other in Figures 2
through 4. For the transport mission (Figure 2), the maxima for both fuel vapor and oxygen are reached
nearly simultaneously around the time the airplane Iirsi attains its maximum cruising altitude. The peak
oxygen and fuel vapor concentrations (Figures 3 and U4) for the fighter missions occur at different times
correaponding approximately to the time the righter plane first reaches high alti{tude, and the time of max-
fmum ruel temperature, respectively. The calculated peak average oxygen and [Cuel vapor concentrations are
also reported I{n Table I. In this table, the peak values denoted with the superscript "s" indicate that the
ULLAGE program has predicted stratification in the ullage, and there I's a variation of concentraticons around
this value.

The effects of various operational parameters are seen ¢learly in Table I. In hot day miasions compar-
ed to cold day misasions, the uwllage contains much more fuel vapor and scmewhabt less oxygen (even when the
fuel vapor concentration is taken out). The tank pressurization provides significant benefits in keeping
down bhoth the oxygen and fuel vapor enrjichment in the ullage. The small amount of ventilation considered
here helped reduce the oxygen bulldup in all cases, whereas the reduction In the fuel vapor concentration
due bo ventilation was limited only to pressurized tank cases.

FLAHMABILITY CONSIDERATIONS

The purpose of this step {5 to determine whether the gas mixture in the fuel tank ullage is capable of
sustalning Clame propagation at any time during the misslon., It is assumed that an fgnition source of suf-
ficient strength is present in the ullage at ail tlmes. This step I{s somewhat redundant with the lollowing
steps pertalaing to mixture fgnitability, in the sense that mixtures near or beyond the flampabiility limits
would require excessive ignition strengths which may be ruled {ncredible. However, the use of flammabilicy
concepts early on in the apalysis saves conslderable effort.

In order to perform the flammabllity {as well as the ignitabillty) analysis, the chemical conztitution
of fuel vapors must be known. Aviatlon fuels are characterized and controlled by specifications based upon
usage requirements rather than detailed chemistry of theiguels. For that reason, the fuel designation Jet-4
does not lmply & well defined compositlon. Qur eatimates have indicated that the molecular weight of Jet-A
fue}! vapors spans the range between 140 Kg/kmol and 210 Kg/kmol. Since the lighter molecules evaporate more
easily, at least early 1n the mission, the molecular weight distribution of the wllage Fuel vapors can be
expected to be blased toward the lower end of this spectrum. Kuchta (1973} recommends an average melecular
weight of 164 Kg/kmol for jP-8 vapors. The fuel vapor molecular weights built into the ULLAGE computer code
are substantially different from those values recommended by Kuchta (1973). However, repeated runs of the
code with different values of molecular weight have shown that the molecular welght is a dummy variable to
the ULLAGE program, and its selected walue has no effect on the results.

Combustion of the ullage gases may occur in various modes such as normal [lames, cool flames, diffusion
Mames and helerogeneous combustion., The estimated flammabilicvy limits for normal flame propagation through
Jet-a fuel vapor-oxygen and nitrogen mixtures are glven in Figue 5. It must be emphasized here that the
flammability limit curve given in Figure 5 is estimated based on only two data points: the lower (lammabi-
iity Limit of 0.6 vol % and the upper Flammability limit of U.7f Jet-A fuel vapors in air reported in the
CRC handbook of Aviaticen Fuel Properties, The olher points making up the flammablility curve were obtained
Ly appropriately scaling the curves glven in Zabetakis (19865} for paraffinic hydrocarbons. I the mixture
at any point in the ullage at any time during the mission falls inside the peninsula shown in Filgure 5, nor-
mal flame propagation is possible. Qutside the peninsula, normmal flame propagation is not poasible, yet
combustion may sbtill occur in another mode. For example, below the lean limit heterogeneous combustion can
occur, 1f fuel mist [s generated 1n the ullage due ©o sloshing of fuel in the tank. Diffusion flames oan

The original version of the ULLAGE code recelved by FMRC had a small programming error which resulted
in unreallistically nigh oxygen concentration especially in the early stages of the mission. This erraor
was corrected in the version used by FMRD.

* :
Based on correlations using distillation curves or API gravity.
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SUMMARY

Ignitability criteria for fuel vapora in aircraft wing tanks were analyzed. The effects of amblent
temperature, tank presaurization, and ventilat{on on the flammability of the ullage gas mixtures have been
demonstrated using the ULLAGE computer code. It was shown that in the absence of tank inerting, flammable
mlxturss are moat likely to form at some point during all transport and fighter missicons considered. The
relative ignitability of ullage vapor mixtures versus the propane—air mixture calied for in Military Stan-
dard 1757A was analyzed for a lightning strike acenario, for spark ignition and hot surface ignition modes.
It was shown that the military standard is not always a conservatlve evaluation of the ullage lgnition haz-
ard. 4 procedure to determine when the ullage {s more readily lgnitable than the mixture specified by the
Military Standard 1757A has been recommended.

INTRODUCTION

Ignition of fuel vapora In a fuel tank ullage poses potential catastrophic consequences. Therefore,
the ignitabllity of ullage mixtures is an important part of the overall aireraft vulnerabllity evaluation
program,

The five steps required for deterministic.evaluation of the hazard posed by the ignition of the ullage
vapors are outlined in Figure 1. Since three elements are required for ccumbustion to take place: fuel,
oxidizer and the ignition source, the first step of the evaluation I3 to caloulate the state of the uwllage,
1.e., the pressure, temperature, concentrations of the fuel vapor, oxygen and inert gases. A convenient
golution to this problem has been provided by Seibold (1987) in the Fform of a computer code capable of pre—
dicting the state of the ullage versus time for input mission profilea.

The second step [s to determine if and when the ullage state will become combustible., Flammability
limits for Jet fuesls are effected by changes in wllage pressure, temperature and oxygen concentrations.
Other mechanisms, such as fuel mist combustion, cool flames, and diffusion flames should alse be consldered
Ln this asseasment.

If the ullage mixture can reach combustible proportionz, the next step {(step III} 1ls to hypothesize
varjous ignition scenarios and to determine associated realistic ignition astrengtha. The term "ignition
strength™ is & nebulous word used deliberately here which could dénote the gnergy of the spark for a spark
ignition mede, or the surface temperature for a hot surfage ignition scenaric. A review of varioua Ignition
scenarios was given by Kuchta {(1975).

Step IV is to calculate the minimum Ignition atrength requirementa for the ullage mixtures determined
in step I for esach of the combustion modes determined to be possible in step II, and for each of the igni-
tion secenarica considered in atep III.

Finally, in step V¥V the oinimm required ignition atrength (3 compared with the credible avajlable 1gni-
tion strength and a decision is made as to whether combustion will take place, If combustion {2 possidle,
the corresponding peak pressure may be calculated to assess the damage potential. Generally, however, evan
mild deflagrations are detrimeéntal to the structural integrity of the aircraft fuel tanks, and the accepted
practice ia not to allow the poaaibility of ignition.

In traditicnal wulnerabllity studles, theae flve steps are lumped together. For example, {p the case
of a projectile ignition scenario, rounds are fired into a simulated fuel tank and the resulting presauwe
rise {s recorded (e.g., Clodfalter and Ott {1972), Pedrianl and Hogan {1980), ete.}. Another example [3 the
Military Standard 17574 which recommends a test procedure to evaluate the possibility of ullage igrition due
to lightning atrikes. 1In thls test, a prototype wing section, housing the fuel tank filled with a 4.8 vol %
propane—air amixture {1.2 times stolchiometric}, is subjected to a seriea of simulated lightning strikes. If
the ignition preobability of the propane-ajir mixture in the test were found to be higher than the max{mum
allowed by the specification, special precautions such as ilnerting, should be conaidered.

While this type of "lumped®™ approach L3 technically viable and may be coat effective in the short term,
the data obtalned would apply only to a specific tank design under the conditions tasted. Therefore, for
each new design or each new set of operating conditions, additional testing 1s required. This can become
pronibitively expenaive or dangerous when ignitabi{lity is to be ascertalned for in-flight conditions.
Another shortcoming of the lumped approach is the fact that it 1s difficult to eatablish the Lmportance of
individual factors in determining the outcome of the test and to identify those factors that are most re-
sponsible for scatter in the results.

In this paper, the steps cutlined in Figure 1 will be discussed using the lightning strike example. It
will alac be shown that the Milltary Standard 1757A may not always provide a truly conservat{ve assessment
of the actual ignition probability of the gases 1n ullage.
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STATE OF THE ULLAGE

Fuel tank ullage conditions were determined by running the ULLAGE computer code’ (Seidold, 1987) for a
number of transpert and fighter airplane missions. The matrix of the computer runs given in Table I was
selected to isclate the effects of mission day temperaturs, fuel tank pressure, and ventilation on the com-
position of the ullage mixture.

The profiles for the transport and the righter (hot day and cold day) missions were, respgctively,
taken from Tables 3 and Table 4 of Seibold {1987). The following input parameters were common to ail the
cases summarized in Table I:

Fuel Type = Jet-4 (JP-8§)

Tank Volume = 77.70 £t = 2,20 m3

Fuel Surface Area = 25,49 ft° = 2.37 w2
Vent Make-up Gasz = Air

The ratic of the fuel volume to aurfage area is used to determine the evaporation rate In the code and the
values used here may not be realistic for the transport mission. The pressurized fuel tank cases were slmpu-
lated by inputing 4.7 psig (32 kPa) for the vent demand regulator, and 6.4 psig (44 kPa) Ffor the climb valve
settings. The fuel tank ventilation was simulated by allowing air scrub with zero scrub efficiency. &
modest ventilatlon rate of 0.2 1b/min (1.5 x 10'3 kg/s) was Ilnput. This ventilation rate corresponds to 24
volume changes per hour for the initial ullage, and 2 volume changes per hour for the empty tank, under
standard temperature and pressure.

The caloulated average oxygen and fuel vapor fractions are plotted against each other in Figures 2
through 4. For the transport mission (Figure 2), the maxima for both fuel vapor and oxygen are reached
nearly simultaneously around the time the 2irplane first attalns (ts maximum cruising altitude. The peak
oxygen and fuel vapor concentrations {Figures 3 and 4) for the fighter missions cccur at different times
corresponding approximately to the time the flighter plane first reaches high altitude, and the time of max-
imum Fuel temperature, respectively. The calculated peak average oxygen and fuel vapor concentrations are
also reported in Table I. In this table, the peak valusa dencted with the superscript "s" indicate that the

ULLAGE program has predicted stratification in the ullage, and there l's a variation of concentrations around
this value,

The effects of various operaticnal parameters are seen c¢learly In Table I. In hot day missions ecompar-
ed to cold day missicns, the ullage contains much more fuel vapor and scmewhat less oxygen (even when the
fuel vapor goncentration 1is taken out)., The tank pressurization provides significant benefits in keeping
down both the oxygen and fuel vapor enrichment in the Wlage. The small amount of ventilation considered
here helped reduce the oxygen buildup in all cases, whereas the reduction in the fusel vapor congentration
due to ventllatlon was limited only to preasurized tank cases.

FLAMMABILITY CONSIDERATIONS

The purpose of this step i3 to deteraslne whether the gas mixture {n the fuel tank ullage {s capable of
sustaining flame propagation at any time during the mission. It is assumed that an ignitlion source of suf-
flcient strength {3 present {n the ullage at all times. This atep 1 somewhat redundant with the following
steps pertaining to mixture ignitabllity, in the aense that mixtures near or beyond the flammability limits
would require excesaive jgnition strengths which may be ruled incredible. However, the use of flammability
concepts early on in the analysis saves considerable effort.

In order to perform the flammabllity (as well as the ignitabllity) analysis, the chemical constitution
of fuel vapors must be known. Aviation fuela are characterized and controlled by specifications based upon
usage reguirements rather than detailed chemistry of theiguels. For that reason, the fuel desi{gnation Jet-aA
does not imply a well defined composition. Our estimates have [ndlcated that the molecuwlar welght of Jet-A
fuel vapors apans the range between 140 Kg/kmol and 210 Kg/kmol. Since the lighter molecules evaporate more
¢asily, at least early 1ln the missicn, the molecular weight distribution of the ullage fuel vapors can be
expected to be bliased toward the lower end of this spectrum. Kuchta {1973} recommends an average molecular
welght of 164 Kg/kmol for JP-8 vapors. The fuel vapor molecular welghts built into the ULLAGE computer code
are substantially different from those values recommended by Kuchta (1973). However, repeated runs of the
code with different values of molecular weight have shown that the moleoular weight iz a dummy variable to
the UVLLAGE program, and its selascted value has no effect on the results,

Combustion of the ullage gases may occur in varicus modes such as normal flames, cocl flames, diffusion
Tlames and heterogeneous combustion. The estimated flammability limits for normal flame propagation through
Jet-A fuel vapor-oxygen and nitrogen mixtures are given in Figure 5. It must be emphasized here that the
flammability limit curve given in Figure 5 1s estimated based on only two datz points: the lower {lammabi-
lity limit of 0.6 vol % and the upper flammability limit of U.7% Jet-A fuel vapors in air reported in the
CRC handbook of Aviation Fuel Properties. The other points making up the flammabllity curve were obtained
by appropriately scaling the curves given In Zabetakls (1965) for paraffinic hydrocarbons. If the mixture
at any point in the ullage at any time during the mission falls inalde the peninsulz shown in Figure 5, nor-
mal flame propagation is possible. Qutside the peninsula, normal flame propagation 1s not possible, yet
comtbustion may stlil occcur in another mode. For example, below the lean limit heterogeneous combustion can
ogeur, if fuel mist I{s generated in the ullage due to sloshing of Fuel in the tank., Diffusion flames can

The original version of the ULLAGE code recelved by FMRC had a small programming error which resulted
in unrealistically high oxygen concentration especially in the early stages of the mission. This error
was corrected in the version used by FMRC.

** Based on correlations using distillation curves or API gravity.



Minimum lgnition energies of various hydrocarbon-alr mixtures under atmospheric conditjonz are glven in
Figure &. It is Interesting that the minima of the energy curves for these varicus hydrocarbon compounds
occur at nearly identical energy vdlues. Hote that the minima shift to richer than stoichiometric mixtures
as the molecular welght of the fuel increases, apparently due to the decrease in the diffusivity of fuel
vapors in alr (Lewls and Yon Elbe {1961)). The curves also flatten [or higher molecular weights so that
there is a wider range of mlxtures for which the minimum ignition energy is close to the lowest value.

In order to extrapolate these curves to Jet Fuel A, the fusl concentrations at the lowest point of the
minimum fgnition energy curves are plotted against the molecular weight in Figure 7. Aas was polinted out
above, Jet-f fuel vapors are likely to have a molecular weight around 180 Kg/tmol so that the lowest minimum
ignition energy should ocour at concentrations around twice stoichiometric and the same value is expecied to
be applicable between 1.8 to 2.2 times the stoichiometric.

The minimum (gnltlon energy decreases with Increasing oxygen mole fractlon, Slnce the authors are not
aware of published data on the effect of oxygen concentration on the minimum ignitien energy of Jet-A fuel,
the data for propane, given in Figure 8, were used as a rough estimate. Hoat of the data for 1 atmosphere,
shown in Flgure 8, fall on a straight line with a slope of ~2.5 when replotted on log-log scale.

Therefore,
the effect of oxygen concentration on the minimum ignition energy can be expressed as:
-2.5
xozf(\ xv)
= _ i
MIE = (MIE} 0,509 (i)
where:
MIE =

Minimum ignition energy In 02 enric¢hed air
(MLE}O = Minimum ignition energy in ordinary air
Oxygen mole fraction in the ullage

Fuel} vapor mele raction in the ullage.
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The minimum ignition energy [ncreases with decreasing preszure. The relationship of the minimum igni-~

Lion energy at fuel tank pressure Pu, with that when the fuel tank pressure {5 atmospheric, P, 13 given by

MIE = (MIE) (Pu!PO)-n (2)

where n is approximately 2 for hydrocarbon type fuels (Kuchta, 1975).

Finally, the minimum ignition energy decreases with increasing mixture temperature. Kuchta {1875}
recommends a factor of 2 decrease in minimum ignitlion energy for every 150°F temperatwe increase. However,
the review of the data given in Barnett and Hibbard (1957) indicated that 150°F is appropriate for pentane,
whereas for relatively heavier hydrocarbons of Jet-A vapors a 1Q0°F (56°C) temperature increase 1s probably
more realistic for representing the factor of 2 drop in the minimum Ignition energy. The minlmum ignition
energy at a given ullage temperature T  can be related to {ts standard value at S37°R {298°K) with the

equation
537°R - T, (°R) ]

MIE = (HIE)O axp [

1h4eR (3}

In lieu of accurate cerrelatlons for the combined effects of these variables, the overall effect can be
approximated as a product of the individual effecis glven in Equations 1 through 3. Examples of such calcu-
lations for two of the missions liated In Table 1 (cases 1 and 5) are glven In Figure 9, where the ratio of

the estimsted minimum ignition energy of the ullage gas mixtures during flight to the ominimum ignition
energy of propane i3 plotted as a function of time into the misaion,

The oxygen and (Cuel vapor concentrations needed for these calculations were taken from the output of
the ULLAGE program as the average ullage concentrations. The effect of the hydrocarbon concentration was
ignored recognizing the fact that the vapors in the ullage may be stratified.

The horjizontal line passing through the middle of Flgure 9 denotea the ullage gas mixtures with a mint-
mum fgnition energy equal to that of 1.2 times stoichiometric propane-ailr mixture. For all the points above
this line, the Military Standard 1757TA 1o conservative, whereas the points below the line correspond to an
increased vulnerabllity that cannot be foreseen by the atandard. As zeen in Figure ¢, at the beginning and
the end of the misslon (during low altitude flights), the Military Standard 1757A may be underestimating the

tgnition energy by a factor of 2 for the pressurized ullage case. The nonconaervatism i3 less {for the vent-
ed uvllage,

It should be noted Lhat the Eype of egaleculations made to obtain Figure 9 can also be used in an abso-
lute {rather than relative} sense, il the actual value of the credible spark energy i{n the ullage 1s known,
In that case the ullage mixtures during fiight can be checked to see whether they will ignite at any time,

b} Hot Surface Ignition Induced by a Lightning Strike

Het surface ignition could occur if the lightning strike were to hest up some hlgh resjstance current
paths to an jgnition -temperature. The surface lgnition mode is wmore complicated than the spark fgnitlon
since the details of the {gniting swrface {(in addition to the state of the ullage) play a significant role
in determining the ignition Lenperature. The hot surface [gnition phenomenon has bgen studied in some

detat]l for hydrocarbons (e.g., Lauvrendeauw, 1982) as well a3 for aviation fuels and fluids {e.g., Clodfelter
and Anderson, 1989},

This i3 an extrapolated value.

Jet—A vapors at this vemperature do not form a2 flammable mixture under
atmospheric pressure.




The asymptotle limit of this lgnition made characterized by the autoignition temperature is the case
for slow, uwniform heating of the entire.mixture until 1t ignltes. The minimum autolignition temperature for
Jet-A vapor-alr mixturea was reported to be 435°F (224°C) by Kuchta (1975). For propane-air mlxtures, how-
ever, the minimum autolgnition temperature is much higher and is 8T1°F (466°C}. This large difference in
the autoignition temperatures 1s recognized by the Mllitary Standard 17574 which calls for the use of tem-
perature sensitive paints {rated for Y¥50°F) for the hot spot testing. However, the minimum autoeignitlon
temperature of Jet-A vapors in alr {5 expegted to decrease with increasing mixture temperature, and oxygen
mole fractlon; and with decreasing pressure, so the millitary standard may become nonconservative during a
mission, as in the case of spark ignition. However, an analysis similar to the spark ignition has not been
performed for this possible yet less likely ignition mode.

CONCLUSICRS

Execution of the ULLAGE program using realistie mission profiles for transport and fighter airplanes
fueled with Jet-A has shown that the fue) vapors in the wllage reached flammable proportions at some time
during the riight for most of the missions (with nen-lnerted fuel tanks) considered. For missions where the
ullage mixtures were not normally flammable, the average fuel vapor concenkration at times exceeded 503 of
the lower flammability limit, so that combustion may stil) be plauwsible, if there iz sufficient astratifica-
tion, or fuel mist is present. Therefore, when Jet-A is used as fuel either tank inerting oust be consider-
ed, and/or great care must be exercised to eliminate all posaible ignitlon sources [n the ullage. This is
particularly true for fighter aircraft misslons on hot days because the uwllage is flammable during most of
the mission.

Parametric cases run to isclate the effects of various operational parameters on the ullage [}ammabi-
lity have shown the rcllowing:

-Increased flight environment temperature has the effect of strongly increasing the fuel vapor
concentratian while slightly reducing the oxygen enrichment in the ullsge

- Pressurization of the ullage reduces the fuel vapor concentrations and oxygen enrichment substantially;

~ The modest amount of tank ventilatlon ¢onsidered Iin the analysis helps reduce the oXygen enrichment in
the ullage while the slight reduction in the fuel vapor concentration oceurs only in pressurfzed tank
cases.

4 deterministic methodology te evaluate the ullage ignition hazard has been cutlined and recommended
for use as more datsa become available on the characteristics of Jet-A fuel vapors, This procedure has been
used Lo aasess the relative ignitability of Jet A fuel vapors in the ullage under realistic flight condi-
tions with respect to 1.2 times stolchiometric propane-air mixture under standard conditions as recommended
by the Military Standard 175TA. The results have shown that the Military Standard 17578 Is not always con-
servative, Until more data become avallable the method presented in this paper can be used Lo supplement
the Military Standard 17574 as a screening tool to {dentify the windows of increased vulnerability.
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TABLE I

SUMMARY OF THE COMPUTER RUNS MADE USING PROGRAM ULLAGE

INPUT OUTPUT
Maxlmum Maximum Percent Mission Time
Case Mission Tank Tank Average Average Elapsed Above:
No. Pressurization Ventilation Oxygen Vol § Fue)l ¥apor Vol % 50% LFL 1001 LFL
0 Transport No No 29.3 0.51 53 1
1 Fighter/Hot Day No No 25.9%" 2y 25 100 94
2  Fighter/Cold Day No No 27.2% 1.35% ug 30
3 Fighter/Hot Day Ho Yes 23.7 2y, 28 100 94
4  Fighter/Cold Day No Yes 24.3 1.35% 46 30
5  Flghter/Het Day Yes Ho 21,58 y.59% 91 65
6 Fighter/Cold Day Yes No 21.68 0.28% 14 0
7  Fighter/Hot Day Yes Yes 21.2% 3.62% 94 63
8 Fighter/Cold Day Yes Yes 2148 0.22% 9 )

¥ .
Superseript 3 denotes that the mixture was predicted to be stratified by ULLAGE.
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Transport Mission in Standard Dc:]y
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Fighter Mission in Hot Day
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Fighter Mission in Cold Day
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FIRE SAFEYY APPLICATIONS FOR SPACECRAFT

Robert Friedman and Sandra L. Qison
Naticnal Aeronautics and Space Administration
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SUMMARY

This paper reviews fire safety for spacecraft by first describing Current practices, many of which
are adapted directly from aircraft. The paper then discusses current analyses and experimental knowledge
in low-gravity combustion, with implications for fire safety. In orbiting spacecraft, the detection and
suppression of flames are strongly affected by the large reduction in buoyant flows under low gravity.
Generally, combustion intensity is reduced in low gravity. There are some notable exceptions, however,
one example being the strong enhancement of flames by low-velocity ventilation flows in space. finally,
the paper examines the future requirements in fire safety, particularly the needs of long-duration space
stations in fire prevention, detection, extinguishment, and atmospheric control. The goal of spacecraft
fire-safety investigations is the establishment of trade-cffs that promote maximum safety without hamper-
ing the wseful human and scientific activities in space.

INTRODUCTION

Fire is regarded as one of ihe most serious threais to space travel, yet the spread of fire in space
is not well understood. Efforts to prevent and control fires in space have, to 2 iarge exteni, been based
on techniques borrowed from aircraft practices. Indeed, fire potential in ground, Yaunch, and recovery
operations for space is analogous to that in ground servicing, takeoff, and landing operations for air-
craft. Thus, present spacecraft fire safety has been promoted through strict control of materials and
atmospheres and through five detection and suppression methods optimized for reliability and mass and
energy conservation.

for space missions of the near future, fire safety techniques must change from simple strategies
borrowed from airvcraft practices to specific methods for spacecraft, compatible with the requirements of
complex, multi-mission gperations. The next generation of human-crew spacecraft will be dominated by per-
manently orbiting platforms such as the prototype U.S.5.R. Mir or the planned U.S. Space Station Freedom,
The future space stations will be clusters of living quarters, laboratories, satellite launch and recovery
facilities, and industrial pilot plants, accommodating "passengers” who are scientists and observers, not
astronauts. Fire-safety techniques will strive for simplicity, standardization, practicality, minimal
impact on operations, and reasonable costs. The similarity of these objectives to present policies in
the passenger—carrying airplane fleet is inescapable.

An AGARD symposium held 14 years ago summarized the progress in aviation five safety at that time
(Ref. 1). Some of the concerns discussed at the symposium are now interests common to spacecraft and air-
craft, including the needs for better understanding of fundamental fire-safety principles, improvements
in nonflammable materials, and the reguction of fire-generated smoke and toxic products. These specific
concerns for spacecraft fire safety have been discussed in a symposium held in the United States, aimed
at initiating studies applicable to the U.S. Space Station Freedom (Refs. 2 and 3}.

This paper is a review and status report on current understanding and research directions in space-
craft fire safety. In addition to the aforementioned similarities to the aircraft environment, the paper
discusses the unigque attributes of space, the most obvious of which is the almost complete absence of the
gravitational force. The behavior of flames in "microgravity" has a strong influence on fire initiation
and contrpl. The paper also surveys the application of low-gravity combustion knowledge to provide tech-
niques of fire prevention, detection, extinguishment, and atmaspheric control in spacecraft.

CURRERT SPACECRAFT FIRE-SAFETY PRACTICES
Fire Prevention in Space

Basic strateqgies. - Safety in human space travel has always been of paramount importance. The earli-
est space missions attempted to minimize fire hazards through stringent control of potential flammables
and sources of ignition energy. Since space vehicles were retatively simple and their operating missions
short in duration, the strategy of strict preclusion of fire-causing elements was thus practical to imple-
ment. For new generations of space missions, this approach of “"comptete exclusion” for fire safety is
impractical. First, a lack of thorough understanding of fire behavior under space conditions undermines
the confidence that hazards can be completely eliminated. Second and more important, regardless of the
state of knowledge, space planners now concede that complete elimination of fire-causing elements is nei-
ther practical nor desirable if a space mission i$ to serve a variety of useful purposes in terms of pas-
senger, scientific, or commercial accommodations (Refs. 3 and 4). Thus, total elimination of risk is
impossible, and spacecraft fire safety becomes part of an optimum balance among safely, serformance, cost,
and schedule (Refs. 5 and 6}

figure 1 represents a logical approach to spacecraft five safety based on practical strategies. The
goals of risk reduction are approached through the acceptability criteria, which include safety standards,
material test limiis, operationa) procedures, and other factors that limit the degree of risk. The infor-
mation contributing to these acceptability decisions is provided by the identification and assessment of
hazards and the formylation of tolerance standards to set 3 policy of risk limits.



Friedman and Sacksteder (Ref. 6) have further characterizes the process of risk assessment by defin-
ing simple steps of prevention, response, and recovery, based in part on the analyses of Peercy and Raasch
(Ref. 7). In brief, prevention is the ariginal philosophy of fire safety through the strict exclusion of
fire-causing elements. Hhere prevention is impractical, response, that is, the identification of the haz-
arg and the limitation of the growth of an iancipient fire through detection and suppression techaiques is
a lesser risk option than full-scale fire control. Recovery, on the other hand, is the highest-risk
option of fighting an established fire, limiting damage, and restoring the original conditions. Space-
craft risk management, out of necessity, incorporates this entire range of risk assessment into fire-
safety programs.

Material flammability and acceptance. - The first line of defense in spacacraft fire safety is in
the limitation of materials, as far as practical, to those characterized as nonflammable. For U.5. space-
craft, the primary acceptance test is the upward flammability test, described in the NASA Handbook HHB
8060.1B (Ref. 8). The apparatus is sketched in Fig. 2. The sample material, a sheet or fabric for
example, is mounted vertically and ignited at the bottom. To pass the test, the material either resists
ignition or, if ignited, must not sustain a flame propagating more than a stated Vimit (5 cm at preseat).
furthermore, the ignifed specimen must not drip sufficiently to ignife a sheet of paper mounted below the
sample. Alternative acceptance tests are defined for flammability determination of such materials as wire
insulation, sealants, greases, and liquids that are unsuitable for evaluation in the upward flammability
test.

Cole (Ref. 9) notes that for confidence in the results of these tests, it is critical to test mate-
rial samples representative of their end-use configuration in spacecrafi and to test them in the same
atmasphere as to Ge used in space. Since fire behavior 1s surely different in space than in normal grav-
ity, the safety factors provided by the normai-gravity flammability test date are oncertain. In addition,
one must realize that many essential items that will be used in spacecraft, items including some clothing,
paper, and films, are inherently flammable. The acceptance of these materials into a space environment
assumes that their potential hazards are reduced through limitations of quantity and requirements for spe-
cialized spacing, barriers, and storage.

Fire Detection Practices in Spacecraft

Detection of fire, or its precursor overheating, depends on the ability to recognize the abnormal
departure in environmental conditions known as a “fire signature” through measurement of temperature,
radiation, smoke-particle, or chemical-specie changes. Knowledge of low-gravity fire behbavior leads one
to expect that fire indicators in space are different from those in normai gravity, both in the nature of
the signature and in the mode of transport of the signature to the detector sensor (Ref. 1)

Meverthelass, present fire detectors in spacecraft are adaptations of acceptable models used on air-
craft. Aircraft fire detection techniques, a subject wel) reviewed in recent years {(Refs. 10 to 12},
incorporate several modes of detection, such as temperature sensing in engine nacelles and-cargo areas,
ang radiation and smoke-particle detectors in cabin areas. The original spacecraft fire detectors were
the human crew, who could sense and detect incipient fires. The complexity and varied missions of oresent
spacecraft, however, make remote sensing necessary.

Figure 3 shows the fire-protection provisions in the Y.S. Shuttle cabin, and the inset shows a typi-
cal detector. HNine ionization-type smoke detectors are installed in the instrument bays and crew decks of
the Shuttle (Refs. 9 and 13). Similar fire protection is provided in the Spacelab, which is a European
Space Agency laboratery chamber installed in the Shuttle payload bay in selected missions. The Shuttle
smoke detector is identical in principle to conventional aircraft and commercial ionization smoke detec-
tors, except for two additional features. The Shuttle smoke getector is provided with a built-in fan to
assure a continuous flow of sampled atmosphere. The smoke detector also has a fine screen upstream of
the ionization chamber to bypass larger particles and assure the entry of only submicrometer-sized parti-
cles into the chamber. Thus, the spacecraft smoke detector can monitor air quality regardless of loca-
tion, since it maintains a continvous forced-convection flow through its sensing elements. The sampling
screen 15 intended to reject large particles, most 1ikely dust, to reduce the number of false alarms
caused by these air-borne particles.

The present spacecraft fire detectors represent the best apptication of the state-of-the-art derived
from aircraft and ground experience. The detectors are an gutgrowth of prior investigations of several
proposed techniques, including ultraviolet radiation, ¢loud chambers, quartz-crystal impact microbalances,
and gas samplers, for smoke and fire detection {(Ref. §). Hhile the modified ionization smoke detector
represents an optimum in terms of reliability, maintenance, minimum mass and cost Factors, it cannot be
claimed to be the most effective for low-gravity performance. 1n fact, several questions for future space
applications must be resolved, namely, (1) is the screened particle-size range most representative of
smoke-particle densities generated in incipient space fires? {2) do the placement and internal flow per-
formance of the detectors ensure early detection and rapid response times? and (3) how can the sensitivity
and performance of the detector be checked and calibrated under space conditions?

Fire Extinguishment Prackices in Spacecraft

In space, techniques for fire suppression may differ from those in normal-gravity situations both
becavse Of the vnusual charactferistics of low-gravity fires and because of the low-gravity influence on
extinguishment delivery syStems. As is the case for fire detection, present spacecraft fire extinguishers
are adaptations of those used in aircraft cabin protection and employ mixed-phase extinguishants (foams)
or, more commonly, pressurized gases (Refs. 10 and 14).

The early human-crew spacecraft had provisions for use of food-reconstitution water guns for emer-
gency fire extinguishment (Ref. 93). The Skylab, the 19731974 4.5, prototype space station, was equipped
with water/foam fire extinguishers. Al present, the Shuttle fire extinguishers are pressurized gas cylin-
ders, charged with bromotrifluoromethane (Halon 13031) (Fig. 4). Three firxed-position extinguisher cylin-
ders protect the instrument bays, and these may be actevated remotely from the control deck. Additional
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portable fire extinguishers are available for fire fighting in the Shuttle cabin and alsg in Spacelab.
These portable units can be used to svppress fires originating behind the instrument panels by inserting
the extinguisher nozzles into ports in the panels.

The choice of Halon 1301 for fire protection in the Shubile s based on the demonstrated effective-
ness of this extinguishant (a small concentration extinguishes most fires) as well as on its inertness,
at least in small concentrations. There are, however, recognized disadvantages in the use of Halon 13071,
even for aircraft service (Refs. 12 and 14). The principal praoblem is that Halon 1301 extinguishes by
inhibiting the chain-branching reactions of combustion and, in the process. generates hydrogen halides
(HBr and HF}. These gases are toxic and corrgsive, and they can e difficult to remove in the recycling
environmental control system. Furthermore, Halon 1301 is relatively ineffective on deep-seated or smald-
ering fires, which require cooling or smothering faams for suppression. The occurrence of smoldering
fires may be reasonably probable in space, where the slow diffusion-of oxygen into porous media favors
smoldering rather than flaming combustion.

A number of common extinguishing agents have been suggested as alternatives to Halon 1301 in future
spacecraft (Refs. 1 and 4}, but each has disadvantages as well as advantages. A primary consideration in
the selection of an extinguishing agent is the effect of the potential contamination of the spacecraft
atmosphere by the agent and its reaction products. The provision for Halon 1301 onboard the U.5. Shuttle
is justified in that, for a short-duration mission, the advantages of the Halon overcome its disadvan-
tages. A discharge of the extinguishant doring a mission would call for an immediate termination and
return to earth within a few hours to minimize the toxic or corrosive effects (Ref. 13). This option is
not avarlable in future, permanent orbit missions, as in freedom.

COMBUSTION AND FIRE IK SPACE
The Low-Gravity Lnvironment

At the uswal altitude of a few hundred kilometers for human-crew orbiting spacecvaft, the Earth
gravitational acceleration is little different from that at sea level (9.8 mis2).  The condition of the
spacecrvaft and its contents is that of free fall, where there is a batance of forces with a very iow net
acceleration force. Zerc acceleratian, or zero gravity, is approached only as a limit. In practice,
accelerations due to unbalanced drag forces and other perturbations are slight, of the order of 10-7 to
10-% times normal Earth gravity. Ffor combustion research, this low-gravity envivonment is uswally called
microgravity.

The large temperature differences in flames cause density differences, which produce strong upward,
hupyant flows in novmal gravity. ln low gravity, flame propagation is no longer preferentiaily "up.” and
diffusion, Stefan and other transport mechanicms, whose effects are overwhelmed by buoyancy in pormal
gravity, can strongly infiuence flame propagation. Tramsport of heail by radiation may become dominant,
causing flame inhibition by cooling in some instances, causing fire propagation to adjacent surfaces in
other instances. The transport of oxygen to a flame zone by diffusion alone may be slow and inefficient
in low-gravity flames, altering the chemistry and kinetics of the combustion reaction. A}l these factors
can strongly affect the ignition, spread, and nature of the reduced-gravity flame.

Thus, fire safety in orbiting spacecraft vequires foremost an understanding of the behavior of com-
bustion processes in low gravity. based on theoretical analyses and validating experimental data.

8rief History of lLow-Gravity Combustion Research

The earliest low-gravity combustion experiments conducted with solid materials were performed aboard
afrcraft flying over parabolic flight paths to obtain short periods of low gravity (Ref. 15). Various
polymeric materials, rubber compounds, paraffins, and paper were burned in low-pressure, pure-oxygen envi-
ropments. Burning rates in low gravity were observed to be slow, but steady-state conditions were not
achieved guring the short test time.

Subsequent aircrafi experiments (Ref. 16) were conducted to study the burning rates of cotton cloth
strips under various oxygen-diluent atmospheres. Burning rates were observed to increase with increasing
thermal conductivity of the inert diluvent but were overall much lower in low gravity than in normal grav-
ity Momentary slight accelerations were observed to increase the burning rates considerably, but again
the effect could not be quantified because steady-state was not achieved.

A series of drop tower experiments were conducted in the early 1970's (Refs. 17 to 19) to examine
the effects of oxygen concentration and pressure on the burning rates of cellulose acetate. These test
results indicated that low-gravity flame-spread rates are nearly the same, or slightly lower, than normal-
gravity spread rates and are a function of matecial thickness. The flame-spread rate of the thianest
materials is comparable to mormai-gravity rates, but the rates of thick materials are considerably less
than thase 'n normal gravity,

The only on-orbit combustion cxperiments to date were divect continuations of the early aircraft
tests. Aluminized mylar, nylon, neoprene-coated nylon fabric, polyurethane foam, paper. and Teflon fabrig
were studied aboard Skylab 4 in 1974 (Ref 20}, in & 0.04-cubic meter spherical combustion apparatus
{(Fig. 5). 1In addition to tests of the burming rates of the materials noted, the Skylab experiments stud-
ied the spread of fire to adjacent matervals 25 well as the extinguishment of the burning material through
water sprays or venting to the vacuuem of space. Qualitative results from these tests were recorded by a
16-mm color movie camera. Burning rates were observed in general to be much slower 10 low gravity than
in novmal gravity. Ffigure € shows the spherical flame generated by burning a polyurethane sample 1n Jow
gravity. fires were observed to spread from one material to another over a gap of 1.3 ¢m.  In the venting
tasts, 1t was noted that air flow caused by evacuation of the afmosphere greatly intensifies the buraing
rates for a brief period of time before causing extinguishment in the fear-vacuum. 1t was concluded from
this abservabign thal, unless the evagvation time is short, the enhanced combustion due to the air motion
could do considerable damage before extinClion accurved. HWater extinguishment was successful 1o some
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cases. However, when the water spray was not carefully dispersed, the water was observed to scatter burn-
ing materials rather than extinguish them.

Based upon these simple low-gravity combustion tests, Kimzey observed that, because low-gravity burn-
ing rates are stower and show no tendency to increase with time as is usval in normal-gravity upward burn-
ing, normal-gravity flammability tests (Ref. 8) provide adequate, conservative standgrds for low-gravity
material acceptance. Recently, the sufficiency of normal-gravity tests to characterize low-gravity flam-
mabiiity has been questioned. Of particular concern is the observation from the early tests that, if some
convection is imposed on the burning material in low gravity {due to acceleraticns, venting, or air circu-
lation}, the burning rate intensifies considerably. The U.S. Shuttle and Space Station Freedom must have
air circulation systems to provide a constant flow of air through the cabin; and, as an example, the Shut-
tle closed-loop air circulation system provides nominal air velocities between 8§ and 20 co/s throughout
the crew cabin (Ref. 21). Thus, as the fire-detection systems and extinguishment systems are being
designed for freedom, further knowledge of the hazards of fire in space is essential.

In response to this renewed concern, a comprehensive, continuing experimental and model development
program is being conducted to study the effects of oxygen concentration, material thickness, and flow on
combustion of materials in low and partial-gravity environmants. Figure 7 shows the evolution of experi-
mental hardware to study solid-materia) flammability in low gravity. The airplane test package was the
earliest apparatus (Ref. 15), which served as a model for the Skylab tests cited here. The drop-tower
package is an apparatus currently in use at the U.S. NASA Lewis Research Center to study effects of atmo-
spheres, inertants, and ventilation flow on paper combustion. The Solid Surface Combustion Experiment
{Ref. 22} is a flight package designed for long-duration tests in the Shuttle, scheduled to fly at the
earliest opportunity, probably in 1990.

Low-Gravity Combustion Parameters of Concern for Fire Safety

The modeling and experimental results to date have given an improved understanding of what factors
are smportant im assessing the fire hazard in a low-gravity envirvonment. To iilustrate, typical normal
ang Yow-gravity flames in thin solid fuels are drawn schematically in Fig. 8. In general, the flames in
low gravity are observed to be cooler and more diffuse than their normal-gravity counterparts. The flame
is larger and establishes itself further from the fue) surface than normal-gravity flames. Large soot
particles are seen to escape from the flame zone in low gravity, and the colov of these radiant particles
change as they cool, from orange to dull red to black (Ref. 23).

Material properties. - Material properties play an important role in the combustion process in low
gravity. Materials that melt as they burn may boil at their surface, and the putsating flame that results
is due to the unsteady rate of vaporization from the boiling fuel. Hylon samples in the Skylab tests
{Ref. 20) and nylon velcro in drop tower tests (Ref. 24) were observed to burn in this manner. The vis-
cosity of the solid-fuel melt could also be a factor in the hazard of fire spread, because gaseous bubbles
breaking through the liquid surface can propel molten and burning chunks of fyetl into the gas phase to
drift away until they impact on another {possibly flammable) surface. The expulsion of burning droplets
of molten fuel has been observed in drop tower tests with nylon Velcra. Figure 9 shows a photograph of
burning droplets leaving the flame zone of the burning materiai, along with a sketch interpreting the pho-
tograph. Oroplet expulsion appears to be enhanced by a slow air motions past the sample, which also
increase the overall burning rate considerably (Ref. 24).

Another material property which has been found to be important in low gravity combustion is the mate-
rial thicknmess. 1In normal gravity, the flame-spread rate varies inversely with material thickness
throughout the flammability region. In low gravity, the same relationship holds except near the extinc-
tion 1imit (minimum oxygen concentration) where the flame-spread rate for these flames decreases more
strongly with increasing material thickness (Ref. 25). Further studies are needed, however,K to gquantify
the thickness effect in low gravity more completely.

Atmospheric composition. - Inert gases such as nitrogen also have an important role in the burning
process. It is known from normal-gravity testing that, for a constant partial pressure of oxygen, flamma-
bility decreases if the total pressure is increased by adding atmospheric diluent. This is because the
combustion energy absorbed in heating the inert gas reduces the flame temperature. Therefore, although
it has yet to be studied comprehensively in low gravity, inert pressurization with high heat-capacity
gases appears to be an excellent candidate for fire prevention.

Inert gases also affect the combustion process by acting as a heat transfer medium from the flame to
the fuel. Normal and low-gravity experiments have demonstrated that the thermal conductivity of the imert
gas directly affects the burning rate; the higher the thermal conductivity, the faster the material wilj
burn. Helium, for example, transfers heat very rapidly, and so materials in a4 helium-Oxygen environment
burn more quickty than the same materials in comparable nitrogen-oxygen eavironments. Fhus it is
desirable for further research in fire prevention, to consider dilvents with a high heat capacity but a
iow thermal conductivity

Oxygen concentration in the environment has probably been the most studied parameter in low-gravity
compustion research, The early tests focused on lgw-pressure, high-oxygen-concentration atmospheres
because these atmospheres corresponded to the spacecraft practice at that time. U.S. human-crew space-
craft since the Apollo erda have been designed for a low-oxygen conceniration to reduce the fire hazard.
The Shuttle currently uses standard sea-level air as its baseline simosphere, atthough an elevated oxygen
atmosphere is introduvced in preparation for extravehicular activities.

Increasing oxygen concentration increases the burning rates of most, ¥f not all, solid materials.
Figure 10 shows haw the flame-spread rate for paper changes as the Oxygen concentration is increased
(Ref. 25). fFor flames in high-ouygen concentrations far from the extinction limit, normal and low-gravity
flame—spread rates are 1dentical and linear with oxygen concentration; gravity plays no discermible role
in the tlame-spread process. HNear the extingtion limit, however, flame-spread rates decrease rapidly with



g

decreasing oxygen concentration; and the low-gravity flame-spread rates are lower than the normal-gravity
counterpart rates.

Radiation and extinction Timits. - The data illustrated in Fig. 10 show the extinction limits in
both normal gravity and low gravi{y. The cause of extinction is believed to be different for the two
gravity situations. In normal gravity, flame extinction is wsually caused by "blowoff " or the excessive
gravity-induced convective removal of heat, usually due to buoyant flows. Blowoff occurs, for example,
when you blow out a match. In low gravity, however, there are ng gravity-induced convection flows, but
the coolter flames are more sensitive to heat losses than normal-gravity flames. Experimental results
svgoest that radiative heat toss from the burning fuel surface, or guenching (i.e., raprd coaling), s
the probable cause of extinction in low gravity {Ref. 23).

Convective heat transfer in low gravity is greatly reduced because of the eiimination of buoyancy-
tnduced flows, and conductive heat transfer appears to be reduced becavse flames are gbserved to be fyr-
ther from the fuel surface. Thus the relative importance of radiative heat transfer, either from the
solid surface or from the flame zone, is greater. Radiative heat transfer can, as postulated above,
cause flame extinction, or it can cause ignition of a fuel surface in the absence of convective cooling.

Ventilation and forced convection. - In the absence of buoyant flow. the dominant flow imposed upon a
burning surface in spacecraft would be due to the ventilation system. The early low-gravity tests indi-
cated that flow enhances combustion, and more recent guantitative tests have supported these early quali-
tative results (Refs. 23, 26, and 27). Figure 11 is a summary of the effect of air velocity on the
flame-spread rate over paper. At near-quiescent conditions, attainable only at low gravity, the flame-
spread rate s low. As the air velocity is increased in a direction counter to the flame spread, fresh
oxygen is brought inio the filame zone by forced convection; and the flame-spread rate increases rapidly
with air velocity. On the other hand, at high air velocities typical of buoyancy-driven normal-gravity
air velocities, the flame-spread rate decreases with increasing aiv velocity due to "tlowoff," the convec-
tive cooling and dilution of the flame zone. The important concern for five safety 15 in the range of
intermediate velocities where flame-spread rates can be greater than the typical normat-gravity flame-
spread rate. While the guantifative extent of this enhanced flame-spread-rate zone is not fully defined
by experiments, it appears to lie within the range of typical spacecraft ventilation-air velocities.

Figure 12 describes the air-velocity effects as a flammability map for paper, which indicates the
atmospheric conditions {oxygen concentration and flow velocity} over which the material will or will not
burn. As is the case for flame-spread rates shown in Fig. 11, flammability increases (lower oxygen 1im-
ttsy at low air velocities, typical of low gravity, but decreases at high air velocities, typical of mor-
mal gravity with buoyant flow. Again, the maximum fire hazard for paper appears to be al intermediate
forced-flow velocities atfained in low gravity (in the range of current Shuttle ventilation velocities).
Unger these conditions, the material may burn at oxygen concentrations as low as 15 percent, which is
below the measured downward-spread flammability 1imit in normal gravity with no forced convection.

Application of Low-Gravity Combustion Knowledge to Fire Safety

Huch has been done since the Apollo era to improve the safety of spacecraft. The major imgrovement
in the fire safety area has been to reduce the oxygen concentration from pure oxygen to that of sea-leve!
air. Although humans can tolerate even lower oxygen atmospheres, reducing the oxygen concentration below
that of air can adversely affect the mission usefulness, in terms of passengers, scientific, and commer-
cial accommodation,

The reduction of oxygen concentration to that of air was an obvious improvement because this is the
norinal baseline atmosphere:; and most, if not all, materials are more flammable in higher oxygen concentra-
tions. Other fire-safety changes are not as feasible for adaptation. For example, the thicker the mate-
rial the slower it burns, 30 it would seem to be logical to use potentially flammable materials in as
thick a section as practical. However, this design concept is inconsistent with a common-sense approach
of limiting the total quantity of flammable materials,

Actua) low-gravity testing of a)l materials to fly in space is obviously not feasible at present.
Current test methods reflect our understanding of flammability in normal gravity, but they fail to
include some of the unique hazards associated with low gravity. These concerns include the enhanced
low-gravity burning rateé associated with forced-convection flows, the spread of fire by expulsion of hot
particles from melting plastics, and the flammaple, persistent aevosols created by spills of fluids or
powders. In addition, some assessment of the potential for smoldering must be devised. Smoldering solids
may burn undetected for hours or days, and even if flaming combustion never occurs, the build up of toxic
products in the atmosphere is a serious danger to the environmental-contral and life-support system.

furthermore, investigation of the infiuence of tow-gravity combustion processes on fire detection
and fire extinguishment is needed for intelligent protection of the long-term habitation environments in
space. Potential designs for fire detectors and fire extinguishers need to be tested wn real Jow-gravity
fire situations. Application of low-gravity combustion knowledge can atso influence operational proce-
dures to determine what improvements can be made to reduce the five hazard while minimizing the inconven-
ience of safety regulations on the day-to-day activities of the crew.

FIRE SAFETY FOR FUTURE SPACECRAFT
The U.5. Space Station Freedom

Freedom, a permanent vehicle in low earth orbit, is a space station to be placed in operatign in the
next decade. Freedom is conceived as a cluster of elements devoted to satellite servicing, scientific
and tommercial space activities, and long-duration human habitation. The center of Freedom is the group-
ing of modules with interconnecting nodes and airlocks (Fig. 13). The main components are the habitation
medule for & crew of perhaps eight persons, the supply moduie. and three laboratory (and workshop)
modules, with projects and personnel from several MATO naticns and Japan, as welil as the U.§,



The permanent installation and long-duration missions of Freedom will increase the probability of the
occurrence of a fire. Since rescue and resupply flights cannot be immediately available, perhaps taking
30 days or longer to arrange, safety planning must assume that all fire controls and recovery supplies
are contained within Freedom. In this respect. the interconnecting, “ladder” arrangement of the modules
(Fig. 13) assures at least two paths of egress from each module, a haven for the crew in any node, and a
means of closing off a damaged module without blocking access to any other module or node.

At stated earlier. the goa) of fire safeiy in Freedom is the minimization of risk, rather than zerg
risk. That is, small tolerable threats are balanced 3gainst the constraints of practicality, operations,
and economics (Refs. 5 and 6). A space station must accommodaie 1iving and recreational activities, as
well as scientific and industrial operations, all of which require the possibte introduction of flammable
materials, heating and energetic operations with no satisfactory substitvtes. The challenge tO spacCecraft
fire-safety designs and techniques s obvious.

Submarine and Ajrcraft Analogies

Spacecraft fire-safety practices have been modeled on, and will continue to derive from, techniques
and experiences established for the enclosed compariments of aircraft and submarines (Ref. 28). The sub-
maring operates in a hostile external environment, supplies its own recycled atmosphere, and depends on
self-contained fire detection and suppression systems. The spacecraft, however, has obvious differences
because of its low-gravity exposure and the inability to extract oxygen from the surrounding aimosphere.
(Submarines can generate oxygen from sea water.) In addition, submarings may surface for personnel evacu-
ation §if a fire becomes wide spread.

One set of submarine fire-protection investigations of interest for potential spacecraft application
is that of fire-safe atmospheres. The smali-scale combustion studies promoting law-oxygen atmospheres
for fire prevention have already been discussed in a previous section. Gann et al. (Ref. 29) described
simulation-chamber tests of nitrogen flooding for submarine {ire fighting, where excess nitvogen lowers
the oxygen content while retaining the oxygen partial pressure at tolerable levels for humans. An alter-
native approach, wmore suitable for spacecraft applications, §s to maintain a constant total pressure with
a reduced oxygen partial-pressure level based on minimom levels from high-aititude human experience.
Allowable Vimits for low-oxygen atmospheres have been discussed by Horrigan (Ref. 30), and the fire-
protection aspects have been presented in a spacecraft atmosphere selection forum summarized in Ref. 1.
Another alternative method involves the substitution of a high molar-heat-capacity inert gas, such as CFg4
or Sfg. for nitrogen in the atmosphere (Ref. 31). The diluent will suppress combustion by lowering the
flame temperature. Nevertheless, the use of fire-safe atmospheres on spacecraft must await the definition
and implementation of long-duration testing of human responses and efficiency in the respective atmo-
spheres. In any event, there are formidable structural and operafional difficulties {o the general) adop-
tion of atmospheres other than "air™ in future spacecraft.

Of greater interest, however, is the use of inerting atmospheres in specific, uninhabited volumes,
such as in electrica) power cabinets. A promising source of an inerting atmosphere, already under inves-
tigation for military-aircraft fuel-tank inerting, is onboard inert-gas generation. This technique
invelves the removal of some of the atmospheric oxygen by molecular-sieve or permeable-membrane separa-
tors {Refs. 32 and 33). 1In spacecraff practice, an inert gas retaining & percent or greater oxygen Con-
centration may be effectively fire-safe. In contrast to the once-through aircraft inerting System, the
gases from the spacecraft inerting system would be recycled, and both the inert gas and the separated oxy-
gen would be recovered and combined to regenerate part of the breathing atmosphere.

Research and Technology Trends

Fire prevention. - Adeguate screening of materials for onboard vuse has been a long-time coacern for
both aircraft and spacecraft, and this concern has spurred the development of new plastic and composite
materials with low-flammability characteristics. The principa) acceptance test for NASA spacecraft mate-
rials, the upward propagation test (Fig. 2), has already been described in this paper. In low gravity,
since flammability is often reduced for solid materials, the normal-gravity test may offer an adequate
margin of safety for spacecraft acceptance. There may be ekceptions to this supposition, howevar. For
example, the low-gravity tests on Velcro specimens, already cited (Ref. 24), showed that the random expul-
sion of hot particles from burning plastics may create an additional igrnition hazard in space. It has
also been noted that low-gravity combustion may be greatiy enhanced by even low levels of ventilation air
fiows. At present, however, the correlation of smatl-scale test results to the ventilation-flow environ-
ment of the Space Station Freedom, for example, is unknown. Thus, it is important to continue research
on low-gravity combustion with the major objective of providing understanding of processes to establish
safety levels for tong-duration space station needs. In addition, fire-risk analyses for space must
assume that, even if satisfactory assessments of low-gravity flammability are defined, some flammable
materials will stil) have to be tolerated onboard Freedom because many useful human and scientific activi-
ties require hazardous materials and procedures. Fire-safety strategies will approach fire preventign
through compartmental inerting, fire-safe storage, confiquration controls, and material quantity and sepa-
ratton minimums. As the second tine of defense, provisions for fire detection and extinguishment, which
assume the protability of an incipient fire, become of great importance.

Fire detection. - Spacecraf{ specialists are aware that present fire-detection techniques, while ade-
guate for the short-duration Shyttle missions, require considerably more knowledge and development for
space-station applications. Obviously, one requivement is more information on expected fire signatures
under low gravity. As soted earlier in this paper, studres show that low-gravity flames are generaliy
ooler, sootier, and slower propagating than their normal-gravity counterparts, and these characteristics
affect the techniques of detection. [t appears that smoldering combustion may be possible in space,
because the slow transport of oxygen into porous media (foams, waste containers) can promote this rather
than flaming combustion. Smoldering combustign generates large smoke particles. and detectors would have
to be tuned to recognize these particles as fire signatures. Finaliy, the transport of various fire sig-
nateres is also changed in low gravity. Since tt is impractical to instrument space modules completely, a
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limited number of fire detectors must be judiciously placed to intercept the most probable pathways of
fire-signature agenis. ;

Placement of fire detectors planned for Space Station freedom can fake advantage of ventilation duct-
ing for efficient monitoring of the atmosphere and potentia! fire radiation. The type and design of sen-
sors are still under discussion, and it is 1ikely that fire protection in freedom will incorporate sensors
of several generic types. Thus, the complete fire-detector system would include smoke, chemical, radia-
tion, and overheat sensors, whose coverage could be augmented by extensions, such as rotating mirrors,
fivers optics, or sampling tubes.

Adequate sensitivity of fire detectors is a problem common to groend and aircraft systems. Fire
detectors must respond to minimum fire-signature thresholds yet reject ext{raneous signals that tause false
alarms. An extensive survey of commercial experience cites a 14 to ) ratho of false alarms from smoking,
cooking, dust, and s0 on, to real alarms in smoke detectors (Ref. 34). Thus, promising approaches for
high-sensitivity detector systems less prone {o false alarms may incorporate multiple sensors with deci-
sion logic to define the alarm conditions with adjustable sensitivities (Refs. 6 and 12).

Fire extinquishment. - A parallel concern for spacecraft fire extinguishment arises from the evidence
that the Halon 1301 fire extinguisher, while adequate for the short-duration Shuttle missions, requires
considgerable improvement or replacement for space-station applications. 1n long-duration spacecraft, the
environmental probiems with the use of Halons are of great concern. An ideal, substitute low-gravity
extinguishant should be effective (minimum quantity required) for all anticipated fire scenarios, conven-
ient for delivery to the fire, and readity rempvable, in both its original and reacted states, from the
atmosphere.

Several types of extinguishing systems are being considered for future spacecvaft. For example,
deionized water and foam systems have been proposed For further study in recent review papers (Refs 1
and 1) Hater 15 efficient as gn exiinguishant, creates no undesirable reaction products, and is readily
removable from the atmosphere. The effective control and dispersement of water sprays in low gravity are
farmidable technology problems, however. A mare practical approach employs gaseous extinguishers, and
carbon dioxide is favored in the inttial plan for Space Station Freedom. The strong advantage of carbon
dioxide i¢ that 3t is readily removable by any spacecraft envivonmental control system. Carhon digyide
is recognized, however, as a relatively inefficient extinguishant, and the large concentration reguired
for effective fire suppression meay be hazardous to the crew as an asphyxiant (Refs. 32 and 35). The <ame
arguments may support or disqualify nitrogen as a fire extinguishant, although nitrogen is an ideal 4itu-
ent for Inerting of uninhabited compartments, a technique already discussed.

VYenting to the vacyum of space is an ultimate fire-extinguishing method available to spacecraft. A
difficelt fire can be completely controlled by venting after the escape of the crew and sealing of the
fire-stricken compartment. Venting need only proceed to a point where the retained oxygen partial pres-
sure is low engugh to suppress combustion, which makes Yater reconstitution of the atmosphere less demand-
ing. The smali-scale Skylab experiments of Kimzey (Ref. 15), cited in a previous section, showed that
the air motion induced by venting can temporarily increase flame spread and may cavse additicaal fire
damage before the fire is extinguished.

Human factors. - The completely ¢losed ¢ycle and limited resupply capabilities in spacecraft
atmospheres cause the threat of confamination to be greatly feared, even more so than in the closed-
eavironment counterparts of submarines and aircraft. For Space Station Freedom, evaluation and selection
of fire-control systems will depend strongly on internal environmental impacis. In summary, i 35 impor-
tant to emphasize that the greatest danger from fire, its precursors {overheating, pyrolysis, and smolder-
ing) and its extinguishment, Yies in the toxicity of the progucts and not in the thermal effects or
structural damage. Human responses, including safety enforcement, five drills, escape modes. and rescue
may be modeled to a great extent on practices establisbed for aircraft. Important decisions in future
spacecraft planning will be on the velative reliance on manual versus automated responses. As spacecraft
and their missions become more complex, there is a greater need to invest in automatic systems for protec-
tion of unattended comparfments and to insure rapid and predictable responses to emergencies. Neverthe-
less, strong arguments can be advanced to retain many human-detection options. The value of Space Station
freedom is increased f users are confident that irreplaceable projects are protected not only from fire
effects but also from damage through inadvertent shutdown ar false-alarm extinguishant release,

Fire-Safety Research in Space

As discussed earlier, analytical modeling and simutation-facility experiments are necessary and valu-
able for small-scale studies of microgravity combustion pertinent to fire-safety understanding, Rhat is
lacking, of course, is the capability to conduct tow-gravity, long-duration tests on, for example, mate-~
vial flammability, smoldering, fire-signafure identification, detector response and Calibration, extin-
quishant delivery and effectiveness, and human response modes. The U.S. Shuttle incorporates the hest
gvailable techrology in its fire detection and suppression systems, These systems canmot be verafied 1n
true space conditions. but this lack is compensated by the extremely low probability of a five during a
short-guration mission and the ability to terminate a mission and return to earth promptly. The perma-
nent habitation and long-duration mission of the Space Station Freedom, however, present more serious
problems for tne development of fire-protection systems, requiring some degree of in-<pace testing and
wverifytng.

As a practical matler, development aond demonstration of fire prevention, detection, and suppressiga
policies and technigues for Freedom will need a compromise to simplify validations through effective use
of analytica) knowledge and small-Scale simulation testing., There are hopes that somg timely tests and
demonstrations can be conducled 1n futyure Shuttle missions yp to the time af tne construction gnd assem-
bly of freedom in grbit

The Space Station Freedom itself i¢ the ideal facility for long-duration fire-safety testinmg for
space. The space-station laboratory modules are equipped with power, utilities, and standardized rachks



for mounting experiments to exploit the microgravity eavironment in the moduies. One definition concept
for installation in a Freedom laboratory module, shown in Fig. 14, consists of a combustion chamber to be
mounted in ane rack with associated data and power systems in an adicining rack {Ref. 36). Such a facil-
ity, which is one of several under active design cansideration by NASA, can accommodate multiple experi-
ment functions, including investigations of ignition, flame spread, flammability, combustion products,
and flame suppression.

CONCLUDING REMARKS

This papec is a review of the knowledge, technigues, and future trends in spacecraft five safety.
It 3s clear that aircraft (ire-safety strategies and hardware serve as important models for corresponding
measures in space. The overwhelming difference in space is the negligible gravitation body force, a situ-
ation that profoundly influences fires, their detection, and their control. Another operational differ-
ence affecting fire safety 1s that spacecraft of the future must be completely self-contained: the
atmospheric, fire-fighting, and rescue resources are all maintained by the spacecraft logistic suppiies.

For the present, the fire safety provisions in the U.5. Shuttle appear adequate for they are based on
salected applications of proven techniques in ground and aircraft fire safety. Khat is lacking for con-
tinued safety in future long-duration missions is a better understanding of low-gravity combustion and its
application to spacecraft fire safety. Analyses and small-scale experiments indicate that the lack of
natural convection (absence of gravity-driven buoyancy) may generally inhibit combustion, producing
cooler, less efficient flames. Special circumstances, in contrast, may increase fire dangers in space.
The most important is the demonstrated enhancement of low-gravity combustion by low flow rates of ventila-
tion. Regardless of the relative danger of fire in low gravity compaved Yo normal gravity, it s clear
that the unique characteristics of fires in space require innovative techniques in fire prevention, detec-
tion, and extinguishment

Oesign and research are underway for the U.S. Space Station Freedom, & multipurpose space community,
to be permanentty placed tn a low-earth orbit. For Freedom, it is necessary to devise reasonable material
flammability acceptance poiicies, consistent with present knowledge of space behavier. Fire detection for
this spacecraft must recognize fhe potential fire signatures n low gravity and devise systems of adequate
sensitivity vet perceptive enough {o reject false alarms, with added provision for in-flight checks and
calibrations. Fire extinguishment for Freedom must be efficient, suitable for operation in low gravity
and, above all, uncontaminating and removabie from the closed atmospheric system. Crew training ang
escape modes most be devised to consider the probability of fires occurring in space and their spread and
tazards in low gravity

Finally, spacecraft fire safety can no longer rely on strict rules, devised for short-term missions.
Fire safety for future spacecraft, like Freedom, must be flexible and realistic, similar to policies in
place for aircraft. The goal of spacecraft fire safety will be a compromise to achieve the lowest practi-
cal risk level consistent with the promotion of useful functions of habitation, science, and commercial
operations in the spacecraft.
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FIRE SCIENCE AND ATRCRAFT SAFETY
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Summa ry

The increased awareness of fire hazards in both passenger transport and buildings has precipitated a
reappraisal of models of fire spread embracing both empirical and more fundamentally-based computational
approaches. The paper describes recent developments in the fire science-related aspects of such hazards,

contrasting the broad strategies adopted with those applied in the more highly developed combustion
technologies.

It seeks to demonstrate how current capebilities and future developments, particularly in  the
computational modelling of fire, and driven primacily by the study of fires in building enclosures, might
be utilised te guide layout, design and the contrel of furnishing materials in aiccraft cabins.

Exanples of current capabilities of computational fluid dynamic models 1n describing such critical fire
phenomena as smoke movement, fire growth and flame spread are presented.

). Introduction

One way or another, the release of energy from the combustion of hydrocarbon fuels 1s used within the
propulsive powerplants of nearly all medemn transport wvehicles. Much research and development effort
continues to be expended on these controlled combustion processes in order to improve their efficiency
and reduce their pollutant yield. By carrying large quantities of aviation fuel and lubricants, however,
the potential for uncontrolled combusticn in aic transport is pacticularly great.

wWhilst much success has been reported in minimising the fire hazard due to fuel spillage, accident
statistics for transport aircraft suggest that 1t is the post-crash fire which poses the most serious
threat to the safety of aircraft occupants. A key feature of attempts to reduce both this threat and
that due to the in-flight fire is a wmore thorough understanding of the consequences of a particular
cholce of cabin design and internal furnishing materials. wWith such an understanding it 1s possible for
both designer and legislator to ensure optimum fire safety for reascnable cost.

It was Eor this purpose - what might now be temmed building control - that primitive attempts to design
for fire began. The progress that is today evident in the subjects of fire science and engineering has
been driven primarily by national concerns for fire safety in buildings.

Although the contrasts between the building and aircraft industries could not be greater in terms of
their stance towards new technolegy, the laws of physics are the same for both and much of the research
that has been undertaken with initial concern for buildings is applicable to aircraft.

Unfortunately the reguirements of comfort and of fire safety, whether in relation to habitation ot
transport, tend to conflict. The very materials that are comfortable to sit on also have low thermal
inertia. Their surfaces quickly heat up to our own body temperature and so feel warm. In the event of
fire they can alsc heat and ignite rapidly, ultimately giving tise to the dramatic fire growth known as
flashover. Fire is distinguished from most other combustion systems by the strong coupling between
radiant heat from the combustion products of the initiating fire and the further potential fuel in the
form of furnishings and linings. In the open this process may be celatively benign but within the
confines of an enclosure, such as a room in a building or an aircraft cabin, the combustion products ace
constrained to move above the potential fuel, thus giving rise to the possibility of heating it to the

point at which all the fuel ignites, often simaltansously. This is just one possible manifestaticn of
the phenomenon known as flashover.

Whilst life may be tenable within an aircraft cabin btefore flashover, there is little doubt that it is
impossiple afterwards. Most attempts to control the hazard from fire are concerned therefore with

delaying the onset of flashover within the enclosure and indeed, where possible, using compartmentation
to limit the physical extent of fire growth.

it is the coupling between the fire source and the structure containing it which makes the fire such a
complex problem to analyse. There are a number of differences between buildings and aircraft which must
be considered when attempting any technelogy transfer. Aircraft cabins are characteristically long with
a4 narrow cross—section; buildings, with the exception of tunnels and corridors, are not. Cucrent
ventilation systems on aircraft act in opposition to natural buoyancy forces generated by a fire. They
introduce fresh air at high level and extract at low level. Building design by contrast attempts to use
the buoyancy forces that a fire would generate to help keep combustion products above the heads of the
occupants.  Furthermore, aircraft cabins are generally ketter themmally insulated than most buildings
thereby ensuring that, in the event of fire, little of the heat evolved is lost to the structure. This
can have an impoctant effect on reducing the time to flashover even if the insuwation is non-combustible.
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It is now broadly accepted that the analysis of such phenomena within the broader fie%d of fire
engineering will concecn the application of various levels of mathematical fire model, The wide variety
of possible hazard scenarios and the cost of mounting experimental tests at realistic scales have
encouraged the greater application of computaticnal simulation. This cleatly echoes other developments
in the aerospace industry where significant cost benefits are claimed for design using the new technology
of computational Eluid dynamics (CFD). We shall return to the topic of CFD in mote detail later in the
paper.

Progress with such modelling will affect not only design per se but also the develepment of new, or the
modification of old, flammability testing methods, the traditicnal instrument of requlatory control.
Wwithin the last decade, and partly driven by the needs of mathematical medelling, a reappraisal of
flammability testing has been undertaken resulting in some new methods that provide guantitative material
property information rakther than just their ranking order.

Determining the cate of heat release to be expected from materials and products is central to any
asgessment of fice hazard. Although 1t may be necessary to control the ignitability of materials or
products used to furnish cabin interiors, it is not sufficient. Whilst important to the prevention of
accidental ignition from a dropped match or cigarette, for example, it is equally important to contcol
the rate of heat release from the material If it is exposed to a much larger ignition source than that
anticipated by the ignitability test, say an external fuel fire. It is the consequent rate of addition
of heat from new fuel that will determine the rate of growth of fire in the cabin. This controls the
rate at which combustion products are driven down the length of the cabin; the resulting volume and
temperature of those products in turn determine heat transfer to fuel ahead of the fire source and thus
the onsat of flashover. 1Indeed, a control on ignitability alone can lead to undesirable consequences.
If fire cetardants have been used to meet such a requirement then, should the materral i1gnite, it is
important that those additives do not increase the toxic potency of the resulting combustion preduct or,

evan mor2 simply, impair visibility furrher, causing increased exposure of the occupants to the products
a5 they attempt to escape.

e shall retutn to these issues, as they relate to aircraft cabin fires, in section 3, we first outline

briefly the present status of computationally-based models of fire growth and smoke movement in
2nclosuras, since this represents one of the merz influential recent developments in fire science.

2. Fire Modelling

Strateqies for the mathematical simulation of fire in enclosures fall hroadly into one of two categories.
These are commonly referred to as either zone or field models. Their essential difference is in the way
that they treat the gas phase and, in addition, their respective demands upon empiricism.

The most commonly employed zone models use essentially a one dimensional treatment to describe the
filling of an enclosure with hot combustion gases. They assume that it fills from the ceiling downwards
in the comparatively uniform manner of an inverted "bathtub" filling with water. Field models, in
contrast, make no such assumptions about how the enclosure fills but use the techniques of computational
fluid dynamics to determine the detailed local progress of the combustion preducts within the fire
domain, finely resolved in the three space dimensions.

{i) Zone Models

The ceomputer zone model, pioneered in the building context most successfully by Emmons and Mitler'
divides the domain of interest into a small number of readily identifiable zones. In addition to the
one-dimgnsicnal hot gas layer which grows at the expense of the lower, colder air layer, a thermal plume
emanating at the fire describes a second zone which transfers wass and energy between these layers. For
a naturally ventilated enclosure an inverted weir equation describes the flow of hot gases out through
windows or doorways. This c¢an be replaced by a prescribed extraction rate for a forced ventilated
problem. In addition to these zones which determine the mass flow, a flame cone is included which
together with the bhot layer and enclosure boundaries radiate to unburnt fuel elsewhere within the

enclosure. This fuel will ignite and generate a second thermal plume if specified ignition criteria are
met.

An example of this type of model which has been applied to aircraft cabin fires is the DACFIR program’,
cf Fig. 1.

This modelling approach is a development of earlier two zone models’ that had preceded the application of
the modecn electronic computer to fire problems. Iks chief advantage is its relative simplicity and low
computational cost but the modular approach alsco allows individual component trzatments to be refined as
new studies improve understanding. This medularity can also be a disadvantage however. In particularc,
the flow pattern to be expected in a given scenaric has to be assumed, & priori, so that modules can be
chosen which most closely represent that situation. Most existing zone models have been developad
primacily for enclesures or groups of enclosures that are “"room” sized where the cne-dimensignal hot
layer treatment is most likely to be szatisfactory. They should not be expected to apply without
significant modafication ke say an airrcradt hangar or large airport terminal building nor teo an inflight
fire in an ayccraft cabin where air, for example, 15 introduced at high level and removed at low lewvel.
It 15 of course possible to construct differznt zone medels for pacticular classes of problem, In the
case of a post-crash cabin fire, a time—dependent ceiling jet can be incorporated to describe the flow of
combustion products along the length of tha cabin ceiling, for example, and_a number of such refinements,
including 1nter-layec mixing and wall jets, have already been reported %+ A substantial programme of
firz rasearch directed towards the aircraft cabin fire and using this philossohy has teen underway in the
US for a rnumber of years. individual mcdular creatments for heat transfer {o flammahle wzlls and
ceilings, for example, have been described elsawhere
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{ii) Field Models

The alternative to this approach is a higher level, much more detailed, mcdel which seeks to incorporate
all che important physical and chemical processes in quantitative predictions. This is the goal of the
field model. The temm, so called because it solves the fluid dynamic field equations, is used to
describe the application of computational fluid dynamics (CFD) to the problem of fire simulation. al)
such approaches exhibit common features. They start with the ‘exact’ instantaneous partial differential

equation set describing local conservation principles. These are then solved subject to the following
critical decisions:

{a) how to treat the problem of bturbulent closure

{bl which algorithm is to be used to calculate the numerical solution of these equations at interior
points of the flow domain

{c) how Lo properly approximate boundary conditiens along the domain boundaries and
{d) how to treat specific combustion chemistry or multi-phase flows.
4 summary of the current status of fire simulation using field modelling will now be presented,

The basic equation set for the simulation of fires in enclosures comprises time-averaged conservation
equations for mass, momentum, enecrgy and chemical species of the general form

I {pd) 3 f{pu ¢) 3 , 3¢
_ + - - —_ = 5, {1
at e\)(1 Eixl ax‘

time rate { convection } [diffusion ] [ source/sink ]
of change

where ¢ 15 the generic variable which may represent the three Cartesian velocity components u ., the
enthalpy h or the mass fraction of a particular species m . [(The mass continuity equation is represented
by the case ¢ = 1}. S‘ is a source term appropriate te "¢ which incorporates, for example, the effects
of chemical production and radiative heat Joss. A fuller description specifically in relaticn to
enclosure fires is given by Cox and Kumar

211 dependent wvariables in eg{l} ars time-averaged guantitizs and, since density fluctuations have been
neglected, may ke wviewed as implicitly density-weight=d, for example,

The diffusion term incorporates the effects of both turbulent and molecular diffusion through the
exchange coefficient T,. It has been assumed that the Reynolds stresses and scalar fluxes, which involve

the correlations of fluctuating propecties, can be modelled by use of the gradient transport hypothesis,
in pacticular, for scalars

r, %
Bui r Q" = - —
ax

i

To determine the local wvalue of r‘, two further transport equations are sclved for k, the turbulence
kinetic energy and ¢ its rate of dissipation. The effects of buoyancy on extry turbulence production {in
rising plumes) and inhibition (in stratified lavers) require special attention .

Solution of these equations alone, together with the appropriate boundary conditions to incorporate the
effects of heat and momentum loss to the enveloping structure, is sufficient to captutre the major
features of the smoke movement problem for a known fire size., The influence of effects such as the

external wind on a cabin breach, for example, may be readily examined through adjustments to the boundary
conditions.

Early work on the application of these models to tuwilding problems assumed that the fire could be
represented in a very rudimentary fashion as a volumetric source of heat. & simple conserved scalar was
then used to represent smoke concentration'® . Among a number of deficiencies with this approach was the
fact that the source volume needed to be prescribed, a pricci, thus precluding any dynamic interaction
between the epclosure and the fire source. Flame leaming or impingement could only be included by
prescription.

So far, in the application of SHChx modelling techniques to .anircra]ilt3 cabin fires, this has also heen the
level of input of fire science ’ (Fig. 2). Rather more effort’” has been focussed cn the effects of
the complexity of internal shape and obstructicons within the cabin on the smoke flow. Whereas in most
tuilding problems a Cartesian coordinate system can satisfactorily be used, in aircraft cabins the use of
tody-fitted, curvilinear cocrdinates to reproduce the essential features of the gecmetry are haighly
desirable.



such cogrdinate systems may be generated by algebraic metheds or, increasingly commonly, through the
solution of differential equations” describing the coordinate transfermation. This permits the system
of coupled conservation eguations to ke solved in a space in which the coordinate surfaces conform te the
boundaries of the fire domain {cf. Fig. 3} and in which computational nedes ate concentrated in regions
of large spatial property gradients.

although satisfactory for describing smoke movement in simple situations, the volumetric heat source
prescription for the fire is restrictilve not only in its inability to respond to the flow field. It does
not provide a framework to address the critical issues of tire growth or the production and spread of the
incapacitating products of combustion, both gasecus and particulate.

Combustion and radiation medels are required to allow assessments to be made of the hazard to human life
due to inhalation of toxic gases and to radiant and convectiwve heat exposure.

(iii} Combustion Chemistry

The treatment of the effects of turbulent transport has already been discussed briefly. Unfortunately
the turbulent mixing process also has a significant influence on the mean rate of chemical reaction in
fires. The hydrodynamic mixing of fuel with aic is much slower in fires than their rate of reaction and
it is this process which controls the rate of fuel ’disappearance’, R, . or product yield.

A simple method for dealing with this difficulty in medelling is to allow the combustion to be controlled
only by the rate of small scale turbulent mixing between the reactants and for that rate to be further
controlled by the concentration of deficient reactant. 1In air-rich locations, reaction is controlled by
tack of fuel and vice-wersa in fuel-rich locations, thus

Cee Mgy ¢ mon
Rfu = - — .
k s |min

where m, , m ate the local mass fractions of fuel and air, s is the stolchigmetric ratio and C is a

oK

.k
numerical constant.

A transport equation for @, , incorporating the above source term, is solved in addition to one for the
normalised mixture €raction,

[m - m ]+m
fu ox ox,w
5

which is simply conserved and does not therefore involve a source term. (The subscripts {o,=] denote
cenditions 1n the fuel supply and ambient air respectively). This method, which also overccmes the need
to prescribe a volumetric source of heat, has been reascnably successful® '® in predicting the majoc
features of a wide range of building fire problems including the stable species of €0, and #,0. Figure 4
illustrates predictions of the JASMINE model, here applied to a forced ventilated callway tunnel
containing a 14 megawatk fire. The tunnel is 400m long, Sm high and 4m wide. Predictions are showm of
the progrzss of a life threatening gas temperature surface, B80°C, dewn the length of the tunnel.
Centreline predictions of CO, concentratien ace also shown for a short length of tunnel actcund the fire.

Chemical kinetics however have played little part in such a scheme. To datermine the levels of toxic
intermediates suzh as CO and for the prediction of scot formation, a prerequisite to the accurate
prediction of luminous radiation from flames, a wmore realistic treatment for finite rate Yinetics is
required.

If the balance equation for mean mixture fraction, f, is complemented by a furthe i i

k ur ! PR L ation for its
variance, then the turbulent scalar mixing field can be characterised by a lecal proﬁility density
function, controlled by these two moments. As simply conserved scalars, lacking chemical soucce terms,
their prediction in the flewfield is comparatively straightforward.

The modellmq‘ task then concerns the relationship between instantaneous species concentrations and the
mixture fractlon‘, which characterises the turbulent mixing field. The simplest such relationship assumes
full locfa\l chemical equilibrium. However this assumption is not generally valid within the flame and
substantial errors in estimating the yield of such intecmediates as CO can result .

hnodaf‘teematlve approach currently under development for application to fires 1s the laminar flamelet
model” " .

Burning in a turbulent flame is here assumed to occur locally in laminar-like flamelets. The
relationship between species compositions and mixture fraction in such circumstances can be defermined
entlge}y computationally for simple fuels such as methane or propane, for which the chemi;'.try is
sufficiently well understood. More importantly however it can also be determined "once and for all" by
expegimental measurement in well controlled laminar flames for fuels encountered in practical problems'’

These "state relationships” can be stored in a library for access the hydrod i i :
determination of detailed gas species. v o Y yname calculation for the



Comprehensive predictions of the composition field in buoyant fires emplaying this strategy have to date
been restricted to the fire source alone " . Figure 5 illustrates the typical scalar structure for a
simulated fire 1n which methane is burnt on & 25 am circular perous butnec.

More recently, this approach has been extended ta the prediction of scob velume fractien in the same fire
using a semi-empirical model for soot formation’ . The processes of soot nucleaticn, surface growth and
agglomeration are here represented by rate constants also determipned by local mixture fraction and
cemperature.

{iv) Thermal Radiation

Two fquite distinet difficulties need to be addressed for the realistic modelling of radiant heat
transfer. The first concerns ‘gecmetrical’ problems assoclated in particular with the exchange of
radiant energy between remote emitters and ceceivers, be they solid surfaces such as cabin wall panels or
particulates/gas phase mixtures such as flames. The second difficulty concarns the calculation cf local
emissive power. The rfelative contributions from broadband scot and banded gaseous emissions will vary
substantially between flame and smoke products. In additien, as with transpert processes and cembusticn
chemistry, the effect of turbulert fluctuations in temperature and gas composition must be considered,
particularly at the fire scurce itself.

L] 21

Both flux®® and discrete transfer metheds’' have been used in conjunction with predictions of time-mean
tamperature and composition fi2lds for enclosure fire simulaticns., Figure & shows radiative heat flux ac
the floor of the tumel described earlisc.  The extent of life threazening zonditions can be determinad
from examination of the 2kWm contour, generally accepted to e that which causes unacceptable pain,
after exposure for one minute. More comprehensive treatments of combustion which include the intaraction
a2ffacts of turbulent fluctuaticns. have to date been restricted to the fir2 scurce alone and again crly
far compatativaly simpie hvdrocarbon fuels,

Figure 7 1llustrates detailed radiative predictions for the methane fuelled fire described earlier,
rdentifying the significant contribution made by turbulent fluctuations in scalar properties in the
Elame. Such a treatment can be readily extended to the enclosure fire problem.

{v) Sclid Phase

It is in the coupling of the gas and solid phases where the zonal and field treatments tend to converge.
Field models can in principle extend their mumerical soluticns of the conservation equations into the
solid boundaries. Whilst this is useful for determining the heat lost from the gas phase into the
structure by conduction, it is unlikely to be of much practical valuwe for the calculation of rates of
heat release or flame spread over flammable solid fuels of anything other than the simplest of materials.
Those used in practice for furnishings and upholstery tend to be laminates and composites, which undec

fire conditions may melt, char or delaminate, all poorly understood processes at the level of detail
necessary.

A pragmatic approach is thus required. Quintiere®’ has developed a mocdel for flame spread which is based
upon the measurement of material properties under “fire conditions” in a standardised small scale fire
test. These are sumply a critical heat flux for piloted ignition together with a flame spread coefficient
related to the thermal properties of the material.

With such measurements, gas phase models of either zone or field type can be used to provide the
appropriate surface boundary conditions to translate performance in a standard fire test to actual
in-fire behavicur. This synergy between mathematical medelling and standard testing is likely to grow

such that in future more meaningful appraisals can be made of fire hazard than those based on existing
methods .

3. Fire Science in Alrcraft Cabins

From the standpoint of hazard modelling and simulation there are two distinectiwve critical cabin fice
scenarios; the in-flight fire, in which the cabin is sealed but subject to installed forced ventilatien,
and the post-crash fire in which patural, buoyancy—driven ventilation cccurs through deorways or breaches
in the fuselage and through which an external fire may enter the cabin. The emphasis of the design
strategies to be adopted in respgonse to these circumstances naturally diffec.

In the in-flight fire, where evacuvation is clearly impossible, the primary element in design for fire
safecy must be the inhibition of fire growth, giving cabin staff or autematic systems ample opportunity
te extinguish nascent fires. The subsequent spread of incapacitating products of combustion may however
prove the greatest hazard to passengers if the fire is not promptly extinguished.

ilore complex consideraticons surround the post-crash fire wherz the principal goal is the provision of
adequate evacuation and rescue opportunities. The wuse of flame reotacdant materials, for example, which
deiay the orsec of flaming combustien, may increase the burden of toxic products and smoke, thereby
impeding escape whilst noticnally inereasing the time to flasnover and large-scale engulfment by firs.
The post-crash fire is wnlikely to oe significantly influenced oy the cabin ventilation system. [nstzad
interest muSt focus on any br2ach in the cabin, particularly if adjacent to an external fuel spill fare
#hich might pecmit the ingrass 5f flame and combustion preducts, thrzatening the cccupants, many of whem
ray e 1nturzd. This ingrass of flame will be determined larszelv ov the 2xtsrnal wind conditions an? cos
opening of cabin doors for purposes of escape or rescue. Radiant heating of flammable cabin materials
from cutside the breach or both cenvective and radiant heating from combustion products entering the
cabin may cause igmnition of wall panels and seating. In this instance the ignition source is probably
very large and controls on the ignitability of materials, derived from small-scale tests, are unlikely to
be sufficient. The objective of Elammability conttols here must evidently be to reduce the rates of heat
release and of flame spread to delay the possible onset of flashover.



The position in respect ©f an in-flight fire 1s rather different although the broad rgquiremeqt %s_the
same. Ignitability testing can promote materials which minimise the incidence of accidental ignition.
The cabin ventilation should however be able o handle the combustion products from such an incipient
fire so that passengers are not significantly discomforted. Clearly the current practice in commercial
aircraft of injecting fresh air at high level and removing it at floor level is not then conducive to
such & requirement. Until comparatively recently the implications of such count%g—flow ventilation on
cabin fire growth has attracted surprisingly little attention. Sarkos and Rill™° did however report
significant differences between the distribution of smoke and combustion products in sealed cabins with
controlled wventilatien and the npaturally wventilated case which arises if the aircraft fuselage is
breached; the former leading to the more extensive distribution of the fire hazard within the cabin.

In 4 preliminary investigation, McCaffrey and Rinkinen’® more recently report thermocouple temperature
measurements in a simulated fire in a %-scale c¢losed section model of a wventilated wide-body aircraft
cabin. Here simulating the in-flight cabin fire, the measurements demonstrate that within a few air
changes, each of between 2 and 4.5 minutes, little of the energy released in the fire is exhausted
through the normal floor ventilatien. Hot gases accumulating close to the ceiling appeared to be little
affected by the incoming celd air and only at longer times, as the whole enclosure fills with hot
combustion gases, do significantly elevated temperatures appear in the extractor. The strong buoyancy
forces characteristic of fires evidently overwhelm the effects of the ventilation system; the situation
relarive to smoldering combustion is less well-defined however.

Each of these outline scenarios reveals a complex interaction hetwsen the flowfield configurakion,
combustion chemistry, surface heat transfer and material properties. Whilst the elements may be
specified individually by comparacively simple models, derived from small-scale experiment and testing
Eor example, their interaction poses particular challenges. If we consider the post—crash situation in
which an external wind-blown pool fire penetrates the cabin through an opening, the individual
realisations of such a scenario depend amongst other facters, on fuel spill size, wind speed, ditection
and orientation relative to the aircraft and fuselage breach. To establish for instance worst case
configurations for purposes of cabin layout evaluation and furnishing materials selection repeated
tull-scale fire tests ar2 evidently impractacal. ©On the othzr harnd, the individual component studies
referced to earlier do not address their superposition.

Computatioral approaches, zone cor field models, cleacly offsr unigue cpportunities to similate a wide
range of scenarios once the model elements are established. The gparticular strength in the field mcdels
lies in the level of detailed interaction which can be reprzduced.  The coupling of cegimes 1n zone
modelling inevitably invelves an element of a priori prescrigtion in the broad types of fige possible
whilst their interaction arises essentially via global boundary cenditions.

The evaluation of novel fire protecticn concepts is potentially yet another important role for such
computationazl modelling. Considerable interest has recently centred on the possible application of water
sprays to atrcraft fires, for example. Sprinklers are used routinely to protect industrial buildings
against the rapid growth of fire. These are based on the simple principle that applying water to burning
tuel and potential fuel ahead of a fire will limit fire growth. The efficiency of such a system requires
careful consideration however since the interaction of a spray with the products of combustion is
extremely complex. The spray itself can entrain air and combustion preducts thus bringing smoke dowm to
low level. If droplets have insufficient downward momentum they can be lifted by the buoyant plume and
indeed evaporate without having the opportunity to extinguish a fire.

The Field modelling approach has been applied to such problems’® cf. fig. 8. Here a representative lipe
of droplets is injected into a compartment containing a simulated fire source., With the 0.5 mn droplets
chosen, very few reach the floor with most being lifted and evaporating near the ceiling. With 1| mm
droplets all reach the floor.

All these applications are very demanding in relation to wvalidation. Confidence in the underlying
representation of basic mechanisms is central to the wider application of the computational Ffield
approach. Whilst reasonable validation can be demonstrated for some aspects of model predictions (e.g.
tefs 8-13), there are too few comprehensive measurements of the key properties to adeguately test the
detail. In enclosure fires, only the gas temperature has been subject to any detailed comparison
throughout the flow domain. Comparisons for f£low velocity, gaseous and particulate compositions and for
thermal radiation fluxes are sparse, reflecting in part the lack of application of modern experimental
technigues to the enclosure fire problem. Few, if any, of the recently developed non-invasive optical
techniques, already widely used in a number of types of combustion systems, have been applied to fires.
The situation in zespect of fires in aircraft, as opposed to buildings, 1s even less satisfactery and
there is an urgent need for such experiments. Photographic and anecdotal evidence from real incidents or
inadequately instrumented fire tests 1s of little value in this respect and continues to place fire
safety inm an invidious position relative to combustion technologies.

g. Concluding Remarks

Fire science and engineeting have evolved largely as a result of concerns for building fice safety. For
the treatment of the aircraft cabin fire problem, careful consideration needs Lo be given to the
transpertability of this technology. This reflects the unigque interaction that cccurs in enclosute fires
between the enveloping structure and the growing fire - the rate of growth and onset of flashover being
largely determined by enclosure design. Details such as ceiling height, degree of wventilation, 10
addition to disposition of flammeble materials, can all critically affect this process.

Studies of the response of solid materials to thermal exposure can be readily applied to either problem
type but the determination of that exposure from the behaviour of the gas phase is more problsm-scecific.
The paper has outlined some recent developments in fire science, notably in enclosure fire modeiling.
which address these problems. In pacticular it concentrates on developments in the application of
computational fluid dynamics to the fire problem. Such a teconique, known to fire scienrists as field
modelling, provides an emerging technology which offers substantial advantages over traditicnal methods
in the translation of developments in fire science to compartment types For which thece 15 a less
well-established knowledge base.



Examples of current capability have been illustrated in both the general context (Figs. 4 & 6) and In as
far as they have been applied to aircraft cabin fires (Fig. 2). More work is necessary ta bring the
level of the fire science Incorporated within aitcraft rcapin fire modelling wup to that already
demcnstrated for building fire preblems. In addition, the detailed treatments regquired for the effects
of turbulence on combustion chemistry and thermal radiation need further development and testing. In
some respects the theoretical developments are now outstripping the ability of traditional compariment
fire experimentation to supply the underlying data needed. Because field wedelling provides a very
detailed prediction of property fields this creates a severs demand on experimentation. There is a
growing need to meet this demand for the measurement of local flow velocities, product concentrations and
radiative fluxes with moderm diagnostic methods that have already contributed sigmificantly to othe:
areas of combustion-related research.
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ABSTRACT

This paper presents a steady-state three-dimensional mathematical field model describing alrcraft cabin
fices. The fire ls modelled by a sieple heat source. The glimuiation Ils intended Lo represent non-
spreadipg firea. The computer code uses a Body-Fltted Co-ordinate (BFC) formulatlon to model accurately
the interior of the aircraft that Ls neither Carteszlan nor polar-cylindrical. The dimenslons of the
fumelage are that of a BOEING-737. The effect of varlous openings in the fuselage on the temperature
distribution within the empty aircralt cabipe are investigated. With the cabln fitted with seals, celllng
panels and overhead stowage bins the effect of the alrcraft's air—cnnditioqing aystem on the temperature
distribution withlun the burning fuselage i3 also examined. Early results suggest that a reverse flow
ajtuation (i.e. cold alr injected through floor vents and hot air sucked out at ceiling vents) greatly
reduces the temperature throuphout the fuselage.

INTRODUCTION
The Manchester aircralt fire disaster of 1985 exposed the catastrophic consequences of a fire on
board a commerclal passenger aircraft. The nature of wmodern aircraft Interiors, which conslsta of a

densely papulated passenger enclosure lined and furnlshed with organic (largely synthetic) materials (4200
kg on board a B747) and the vast gquantities of flammable fuel carried (214,000 litres for the B747) make
the posaibility of fire a major concern. 1n the 10-year period from 1578 to 1985 some 6871 passengers and
crew perished in alrcraft accidents involving fire worldwide [1].

Life threatening alr¢craft cabin fires belong to gne of twe groups, the so-called post-crazh fire and
the in-fllght fire. The post-crash ficre Llnvolves survivable crashes, i.e. incldeats ln which occupants
survive the initial trauma of impact. Tn post-crash fires the fire is injtiated outside the cabin usually
due to a fuel spili. The fire then attacks the aircraft cabin gaining entry via breaks due to impact
damrge. A Boelng study of more than 150 survivable crashes sugpgests that about 1300 people who wmay bave

survived the impacts perished as a result of fire [2). In-flight fires mostly ogcur in accessible areas
such as a galley or tollet. They can be due elther to human interventlon such as passenger indiscretion
or sabotage or to technical causes such as electrical malfunctions. In the 20 years from 1964 to 1984

approximately 300 cases of in-flight fires have been reported, of fthese =zome 52 have proved fatal,
accounting for about 1000 deaths [2-5).

To uncover details concerning the fire-dynamics involved and the hazards responsible for preventing
escape by passengers and ultimately thelr death, 1t Is necessary to perform simulations of posslible fire

scenarios. The simulation may be elther numerical, i.e. computer-based wathematical models or
experimental fire tests (6]

Mathematical modelliog offers a cheaper and more general alterpative to the experimental appreach,
provided that the models can be reliably valldated. Both zoane and field models have been implemented in
describing aircraft ¢abin fires [{$]. The zone modelling approsch represents state-of-the-art technology
currently in use; DACFIR (e.g. reference 7, for a comprehensive list see reference 5) being the wmost
sophisticated of the =zone wmodelling packages avajlable for aircraft fires. The field wmodelling
formulation, whlle still In its infancy, iz emerglng as the 'new technology' for modelling of alrcraft
cabin fires. It is already becoming a more widely accepted tool within the buildlng fire community
[8-13]). The field modelling approach potentially has great utility in assessiog alrcraft design for
safety and In the training of flight and fire crews. Previous attempts at modelling ajrcraft cabin fires
using the lield modelling spproach have been confined to two-dimensional studies {e.g. reference }4, for a
comprehensive list see reference 5). Satoh et al [15]) heve performed a three-dimensional simulation of an
alrcraft cabin flre, however, this study lacked an accurate descriptlon of rthe aircraft cabin geometry.
More recently Galeas et al [16-20] have wedelled alrcralt fires using BFCs. This approach allows
realisticalty shupnd alrcrafl cabins Lo be simulated.

THE MODEL
In the follewing sectlons a4 mathematical field model describing the In-flight fire scenario is
presented and discussed.  The madel, stll] under develepment, attempts to simulale turbulent buoyant fluid
flaw and heat transfer within a realistically shaped alrcraft cabin. The dimenzlons of the cabin are that
of a Boelng-737: 1its length {s 17-1m with & width of 3-3m at the flaer and 2 maximum height of 2:1m

The s=imulatlons presented herce are steady-state, however, the wmodel Is capable of producing
time-dependent simulations [16-18].

Two sets of resvlts are presented and discussed. The first group examines the effect of varlous
fuselage openings on the Lemperature disteribution within an empty burniog cabin. The {ire, located on the
flogr, just off the cabin centrc Is simulated by & prescribed heat source of §0-7 XKW, The openings

consist of conmbinmllons of external doors and ceiling apertures The doors have dimenslons of 1-dm = 1-0m
and are located on Lhe port and starbeoard sides towards the Farward and aft of the alrcraft. The ceiling



opening has dimensions of O-82 x 1-0m and is centrally located towards the aft of the alrcraft (see
figure 1).

Figure 1: The above figure shows the Jocations and size of the openings 1In the simulated Boeing 737
fuselage.

In the second group the fire geowmetry js similar teo that in the €irst case, however, cabin f(littings
and the cabin environmental control system are included. The fittlngs consist of {wo cows of geats and a
ceiling unit including the passenger stowage binz. The seating conflguratlon consists of m row of three
sgats abreast and a row of twe seats ahreast separated by an alsle. Seatlng (o the viginity of the heat
source is not included {see fipures 2(a) and 2{b}). Open doorways of dimensions 1-5m = 0:9m are situated
in the forward and aft bulkheads. While the dlwenslons af the cabin are modelled on the B-737 it has been
necessary to approximate the furniture specifications, The environmental) control mystem consists of
uniform venting at the ceiling and floor. The celling vents are ajtvated at the tep of the ceiling while
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Flgure 2: The above figures represent: (a) cylindrical section of aircraft cabin showing position of
seats, ceiling pene]l and overhead stowage binz, (b) axial section of cebin showing position of
seats and celling panel and the open forward and aft doorway

the floor vents are located In the Ieft and right corners whece the side papels meet the €loor. Both the
cellilng and floor vents extend along the entire length of the cabin. From these vents ¢lther hot aic may
be sucked out of, or cool ajr injected fnto the cabin, The ventlng raete is such that a complete alr
change is produced in three minutes, In all simulatlong the amblent temperature was 19°C.

THEE KMATHEMATICAL PROBLEN

The starting point of the analysis is thec set of three-dimensional), partia) differential eguations
that govern the phenomena of interest here. This set consists, In general, of the following equations:
the continwity equatlon; the three momentum equations that govern the conservation of momentum per unit
sass (e.g. veloclty) In each of the three space directlions (the Navier-Stokes equations): the eguations
for conservation of energy and species cencentrations; and, the eguations for a turbulence model {in this
case the k-e¢ model). The focmulation of the dlifferentlal eguations describing the wmede} wil) not be
presented here as they may be found elsewhere [8-12,19].

The abave-mentloned equations are transformed Into general curvilinear c¢oordinates, to allow for
convenjent and accurate treatment of {rregularly shaped flow domains. The approach ueed here employs
covariant physicasl velocity componentas In the form it appears Ln the general-purpose software package
PHOENICS [19,21].

The CGrid and its Generatfon
The BFC grid used can be considered ss = distorted version of the usual orthogenal grid. in which



grid lines and control cells are stretched, bent and twisted in an arbitrary manncr, subject to the cells
retaining thelr topologically cartesian character. This aecans that grid cells always ‘have six sldes and
eight corrmers in the three-dimensional case.

The szecalar variables solved by the BFC PHOLNICS option are exactly the same as [or the regular
PHOENICS f{12]. For details concernling grid generation and formulation of the conservatjion equations In
BFC mode sce Golea et a) [19] and Hedberg et al [22).

RESULTS AND DISCUSSION
All numerical calculations were performed on the Thames Polytechn!ic NORSK 570 computers. Experience
has shown that these calculations invalve Jarge quantities of compoter Lime. A szolution domain comprising
of 4200 cells {10x10x42) requires approximately 13 hours of ¢pu while a mesh of 20,328 (22x22x42) cells
reguires In excess of 64 hours of cpu. The number of sweeps reguired to achieve convergence varies from
5500 to abouwt B500.

Cetailed experimental data by which numerical wmodels of asircraft cabin fires may be validated is not
generally avallable. However, soame effert has been made to valldate the present model. Humerical results
were compared with a set of experimental data from full zcuale fire ftests conducted at the Johnzon Space
Centre [23]. 1In these teata a coontrelled pool Tire (50 -7&W) was ignited in sn eapty Boelng-737 fuselage
which had open doors in the foreward and aft bulkheads. Results from this validation exercise are not
presented here s details have been reported elsewhere [18-20].

It was concluded from the wvalidation/grid refinement exercise that grids in excess of 20,328
(22%22x42) cells are requlred if guantitative results are deslred, however, as little as 4,200 {i0x10x42}
cells wil) produce qualitative results. The good apreement betiween mode} Bnd experimental results
sugpests that the model is capable of simulating non-spreading flres within aircraft Fuselages. However.,
considerably more effort must be invested in the validation of the code.

The remainder of this paper 1s concerned wlth predleting the effect of cabln openings and the
Interaction of the cabin ajeconditioning system and seating conliguration on condltlons within the cabin

Figure 3: The above figures reprosenl wvelgclty wvecters apd temperature contoors (L) in a cyllodrical
gsection Jocated 1-5m from tho aofi Lolkhead The plane depicted passes midway Lhrongh the aft
apenlngs.  They correspond to (4] Case A, (D) Case B, {c] Casc C and {Jd} Case D

The effects of cobin openings on thre temperature distribution throughout the cablo ere demanstrated
In the {irst set of results.  Four cases are ¢xamined. Case & goncerns the sitwatlon in which only the
aft starboard docr {=z open. In Case B, both the foreward and aft stacrhosrd doors are open, while the
situatien In which both porl and starboard aft doors are apen comprise Case C. Finally, the situvation in
whiitch both the starboard aft door .and the celling above the door are open constitutes Case N [see Pigure
1. The centres of the aft and ferward doors are lopated 1 8m and 14-9= respectively from the aft



————

bulkhead. The centre of the ceiling opening is situated 1-5m from the aft bulkhead. In these simulatlons
10,496 (16x16x41) Internal cells were used. As ip earlier studfes, in order to find physically realistic
bebaviour in the vicinity of doors cpened te the exterior it is necessary to extend the solution domain to
regions outside the flre compartment. An additicnal row of cells along the port, starboard and celling
were used for thie purpose making the total number of cells 12,548 (18x17x41}.

FPigures (3a) teo (3d) show veloclty vectors and temperature contours in a cylindcical =ectlan 1-5n
from the aft bulkhead. This plane passes through the centre of the aft openinge. Situations excluding
the ceiling opening display the familiser two layered structure in the doorway. Relatlvely cool alr enters
the cabip through the bottom repgions of the doorway while hot air billows cut from the top sectlions. This
i{s seen wmore clearly in figures {4a} and (4b) which show planes parallel to the floor at heights of 0 -5m
and 1-1m respectively above the floor. The sitvation depicted corresponds to Case B. The neutral plane
la located approximetely mldway in the copen doorway. With a celllng opening located just above the door
(Case D figure 3(d)), air s entralned into the cabin through almost the entire area of the open doorway
while the hot celling gases are vented out through the celling opeaning.
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Figure 4: The above fligures represent velecity vectors in a sectlon paralle) to and {(a) 0-5m and (b) 1-1m
above the floor. The situatlon depicted corresponds to CASE B.
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Figures (5a) and {5b) show centre line temperatures along the length of the fuselage at 0-5m (figure
{52)) and 1-5m (flgure (5b]} above the floor for the four cases described above. These [igures clearly
indicate that the temperature distribution is strongly affected by the nature of fuselage openings. The
highest temperatures are found in Case A {slogle slde opening). Thls is consistantly true, throughout the
length of the fuselage and in the vicinity of both the floer and ceiling. 1n this case temperatures near
the floor ere typlcally 80°C while temperatures in the cefling region are about 115°C. High up in the
¢abin, temperatures are minimal for Case D {ie. ceiling and side opening}. thiz is particularly trues 1In
the aft sgection of the cabin, which contazlns the openings. [n the aft sectian temperatures range fron
about 75°C to #5°'C while in the foreward section temperatures are about 95°C. Figure 3d shows that
relatively cool air is being entralned Inte the cabin throughout the open siarboard doorway while hot
ceiling gases are being vented out through the celling opening. In the lawer reglaons the sitpation is
somewhat dlfferent, temperatures are minimal for Case B {two starboard doors) except in the immediate
vicinity of the aft door, For Caze B temperatures near the fleor are typlecally about GO'C.

Figure 6: The above figures represent temperature contours {'C) fn a cyllndrical section located midway
between the open aft door and the fire, for the cases (a) no venting, (b} forward ventling and
{c) reverse venting.

The two different configuratlona 1in which two openings are confined to the aft sectlons (Case C and
Case [) produce similar temperature dilstributions. In the lower regionzs of the cabln, except in the
immediate wvicinity of the open aft doors, Case € (two facing doors) results in slightly higher
temperatures. A simllar sltuation exists hlgher up in the cabln. The lower temperaturea found lo Case D
suggest that the celling opening in cenjunction with the slde door is more efficient at venting the hot
gases than two faclng doorwaya.

It should be remembered that the fire in these siwulations is represented by & simple heat source.
The flre is strictly noo-spreadlng and the power output of the fire is constant. The observed differences
offered by various cabin openings mssumes that the fire is not changed by the compartment configuration.
In reality, any beneficlal effects may be overshadowed by creating a more intense fire, thereby increasing
the generation of fire hazards esuch as heat, ssoke, gas eic. in planned extensions to the existing
program, a kKinetlcally controlled combustion model will replace the heat source. With such a mepdel the
supply of oxident and {uel wll) determine the power outpul of the fire.

The final group of results concerns numerical waodels which predlct the effect of the cabin
envirpnmental control Bystem on the heat flow in the B-737 fuselage f(itted with furniture. Nao
experimental results are avallable for comparison. The solutlon grld used to produce these results
consists of 11,008 (16x16x43) internal cells and 1024 {16x16x4) external cells owtside each open door
The fire strength was 50-TEW.

Three venting scenaricos were Investigated. The first case, case A, involved no farced vepntilation.
In the second case, case B, fresh afr is injecred f{rom the celling vents whlle hot air is sucked out from

the {loor vents. Case B is inlended to sjamulate the operation of the environmental control systems found
in most commercial aivcraft.
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Figures 6 and 7 show temperature gontours and velocilty vectors, respectively, in a cylindrical
asection located approximately midway between the Eire source and the open aft doorway for the three
vepting scenarles. In venting cases A and C {Figures 6a and 6¢) the cabin atmosphere is stratified into
horizontal layers parallel teo the floor. Relatively cool alr exlsts near the (loor while hotter alr may
be found In the vicinity of the celling. This ls In agreement with experimental observations [24]. 1In
venting case 8 {(figure 6b) the atmosphere lsz stili atratified into more or less horizontal layers rear the
fioor, however, in the reglon above the seat tops this simple stratiflcation 1s destroyed. The jet of
cold air into the hot atmosphere sets up a large circulation region {flgure 7b) throughout the length of
the cabin which extends from the celling to just below the seat tops. In case A and C the teondency is for

the air to rise from the floor to the ceiling region (figures 7a and %c). The expulsion of gases from the
floor vents (case B) attempts to reverse the natural tendency of hot alr to rise. In wenting case A {no
ventlng) temperatures near the seal bases are approxlmately 40°C {figure 7a). Ia the case of forward

venting {case B} these temperaturez sre Increased to approximately &0°C ([igure 7b} while in the reverse
venting sltuation {case C) the temperatures are reduced to approximately 31°C (figure 7¢). Temperatures

near the celllng are reduced from 105'C In venting cese A (figure 7a) te T0°C in venting case C {figure
Te).

Nommmmmn et

()

Figure 7: The above figures represent velocity vectors in a cylindrical section Jocated midway between
the open aft door and the fire, for the cases {(m) no venting, (b) forward venting and {c¢)
reverse venpting. The vector scale is identical {a each case.
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Figure 8: The above figures represent temperature contours (°C) aleong the length of the fuselage passing
throvgh the flre for the cases (&) no venting, (b) forward venting and {c) reverge venting.




Figures &{a),(b)} and (c} show temperature contours along the length of the fuselage passing through
the fire source and seat rows. In ventlng case A, temperatures of 100'C occur Just above the seat tops
and temperatures of 40°C occuer just above the seat bases {figure 8a). In the forward venting
configuration {cese B) temperatures ln the wviclnity of the seat tops have reduced slightly to 90°C,
however temperatures just above the seat bases have Increased to 60°C (figure 8b). In the reverse venting
sltvatlion {case C) temperatures near the seat tops and seat bases are significantly lower. In the
vicinity of the szeat tops the temperature has fallen to 60°C while just above the seat bhase the
temperatuce Ls near ambient (Cigure 8c¢).

It is recognised that in view of the fact that the model has net been completely wvalidated by
experiment, and due to the courae nature of the grlds used here, these results should be viewed with some
degree of reservation. However, the wsefulness of reverse venting Iin reducing temperatures and smoke
conceéntcations near the floor has been observed in ful) scale experlmental room fires [25].

CONCLUSIORS
Through the use of BFCs the feagiblility of simulating non-spreading fires in realistically shaped
and eqguipped aircraft fuselages has been demonstrated.

The location and nature of fuselage openlngs was observed to exercise a major influence en the
temperature distribution within the pagsenger compartment. Knowledge of such behaviour fa crutiel for the
safe evacuation of burning aircraft.

The action of the alrcraft's veptilation system was also observed to heve a major effect on tThe
termperature dlstribution within the burning fuselage. With the aystem extracting hot air from the floor
vents and injecting cold air from the celling vents, as 1&g found in most cowmerclae)l passenger alrcraflt,
temperatures Lo the vicinity of the seat bases Increase by about 20°C over the temperatures found in the
noen-venting case. In the reverse flow sgituation temperatures fall te just above the ambient
Lemperature.

High up In the cabin, in the vicinlty of the ceiling, temperatures are also greatly redeced in the
reverse veating situation.

The use of this venting strategy could lead to the control of the rate of spread of fire within the
cabin. Such contre!l 1s particularly pertinent to the in-flight flre sgenarlo.

Current research has two aims. Firstly, we are #attempting to extend the analysis to include
combustion and radiatlon wmodels. We are also uslng the f(ield modelling approach to sleulate the
considerably more complicated water spray-fire situation. In this way It will be possible to madel not
only the effect of fire but alse the suppresslon of flre spread and its eventual extingulshment [26].
Secondly, we are invclved In increasing the efficiency of the numerical procedures which lie at the heart
of field models. This Iinvolves adapting existing sequentlal flre codes to make use of relatively
inexpengive parallel hardware in the form of transputer technology. In this way we hope to reduce the
high overheads incuerced in uaing field modelling.
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ABSTRACT

YULCAIN is an expert system which allows rapid fire risk analysis within complex industrial environments. It works
step by step as a function of the risk criticality. 1t uses

- As a first step, a risk analysis using slandards

- Then more complete diagnosis based on vanous aspecls which are not covered by standards (viz : fire propagation
on targets, influence of both natural and fovced ventilation) |

- Finally complete spatial and temporal numerical simulalions of fire propagation where {emperature vs time
diagrams are obtained to characterize fire propagation and/or extinction.

VULCAIN is a very convivial software tool to carry out complex sensitivity analysis concerriing all critical parameters
{combustible material, openings, wall thermal and chemical characteristics) and systematic studies concerning a given
criterion {for instance : possibility of fire control by human means).

All the knowledge base within VULCAIN has been validated with respect to small and full scale experiments. Good
resutlts have been obtained for such industrial sites as : nuclear power plants, storage areas, submarines. Its use can be
envisaged for vulnerability studies of airplanes.

RESUME

VULCAIN permet, suivant le site étudié, de déterminer rapidement le risque incendie, avec plusieurs niveaux de
précision en fonction de 1a "crilicité” du cas. I] utilise :

- en premigre approximation une évatuation fournic par les normes

- puis des diagnastics complets sur differents aspects (propagation sur des cibles, influence des ouvertures ou
vendilation, .. )

- el enfin une simulation numérique spatio-temporelle qui permet d'afiiner les diagnostics précédents ct de fournir
des diagrammes d'¢valuation du feu dans le site considéré en fonction du temps.

La souplesse ¢t la convivialité de VULCAIN permettent d'effectuer faciiement des études de sensibilité sur tous les
paramitres d'entrée (position du combustible, des guvertures, caractéristiques des parois, ...} ou des tests
systématiques sur un critére précis (ox : possibilité d'intervention humaine)

Touttes los connzissances de VULCAIN ont &1é validées par des comparaisons & des cas tests. Des essals en veaie
grandeur ont montré que VULCAIN donne des résultats préeis et cohérents pour des sites industriels ausa varics que
des centrales nucléaires, des sites de stockage, des sous-marins. Son application & des études de vulnérabilité
d'adronels est aussi possible.
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1 - INTRODUCTION

The fire expert's approach to risk analysis is progressive : starting with hypotheses on fire initiation, the evaluation
uses the standard formulas (IS0, TNO, ...} and gives first the duration of the fire and the peak temperature in the
building on fire. Various conclusions can then be derived from these results, concerning the behaviour of the
materials, the usefulness or the feasibility of human intervention, etc ...

For ten years now, the experts of the Thermodynamic Direction of BERTIN have improved this procedure in three
ways .

- by introducing a2 more accurate physical analysis of the phenomenae invoived, in order to refine the computation of

the variables used by the norms (fire duration, peak temperature). A continuous relationship between temperature
and time is then established

- by evaluating these improved computation methods against full scale or reduced scale experiments

- by integrating technical data in the diagnosis steps, which allows a better evaluation of the efficiency of human
intervention or automatic fire fighting

The various aspects ol this approach have been gathered into an expert system : VULCAIN
With VULCAIN, users have a convivial tool allowing to study in a short time a wide range of fire scenarii, with in
each case an identical procedure for risk evaluation. Also, the system has been designed for an easy adaptability :

experts and compuler scientists can make it evolve as new technological or scientific knowledge is acquired.

The software has a general structure, and can easily be personalized for specific needs, in particular for fire risk
evaluation or aided design for maximum security in closed area such as in factories, ships or aircrafts.

2 -DESCRIPTION OF VULCAIN
2.1 - Architecture
VULCAIN deals with (hree kinds of information {fig. 1) :

1) The position of the inflammable materials in the premises on fire, and the ventilation conditions
2} The expert deduction knowledge covering four levels :

- the norms and related calculations

- the simplified physics of fire, in order to improve the evaluations given by the norms

- a model for fire-spreading simulation, implemented in the module VESTA which producesa
continuous relationship between temperature and time and yields an accurate estimate of fire evolution

- the technological or technical criteria which authorize the evaluation of fire-fighting methods

The knowledge is modeled :

- ina fact base for the description of the configuration to be studied {geometry of the premises, fuels,
ventilation ...)

- in a data base for the thermo-physic characteristics of materials and fueis
- in a knowledge base structured in two levels for the know-how of aerothermic and fire technology
specialists, and for the basic physical knowledge (thermodynamic laws, thermal models)

The data and fact bases can be directly accessed through appropriate interface, by the operator who can adapt them to
the case to be studied.

The software is written in three languages :

- PROLGG 1, for the general management of the system, and particularly for facts manipulation, hypothesis
verification, medel choice and some simple calculations

- FORTRAN for the computation {model simulation)

- PASCAL for user inlerfaces
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2.2 - How the system functions
The user is guided by the software to follow the procedure of an expert

Step 1 : the user gives the expert system the geometrical data of the premises (walls, openings), the posttions of and
data on the combustible materials, the ventilaton, ...

Step 2 : strict applicalion of the norms allows for an evaluation of the risk level, based on the vse of a classical
procedure

Step 3 : the user sets a starting fire scenario. Order of magnitude calculations based on physics provide an impraved
evaluation by giving values (lemperature, time) closer to the real valued than in step 2

Step 4 : if the uncertainty level on the results is given by the expert system as too high, the user can ask the module
VESTA a time variation of several characteristic variables such as : burnt gas, walls, ceiling and floor temperatures,
gas flow, elc ... These values allow a better evaluation of the risk and a more precise estimalion of the intervention
possibilities once the fire has broken out.

The approach used consists in repreducing the risk fogic defined by the experts : the diagnosis warks on the basis of
baclkward chaining (sce figure 2).

For the global evaluation of the situation, the system considers successively different kinds of risks {for example :
spread buming, propagation to distant fuel fargets, ...} and verifies if all the conditions are present for the starting of
the phenomenen.

This examination of the Ask tree leads 1o a characterisation and a classification of each case studied.

3 - VALIDATION QT VULCAIN AND APPLICATIONS

3.1 - Validation
The validation of the expert system has been conducted in two steps

- At the coding fevel | it was important to check that the interpretation and the formulation made by the expert systom
developers did not introduce & bias in the procedure and reasoning specified by the expert. This verification has
been made by a sensivity analysis on Lhe influence of input parameters on the output values. This analysis has been
validated by (he experts who provided the knowledge.

- On the expertise level ; the problem was to verify and qualify the expertise itself. This siep, more difficult, has been
performed by matching VULCAIN outputs against simulations, real experiments and other expert opinion,

The presence, in the same company, of the experts and the development team has made the vatidation phase, and the
initial step of knowledge formulation much easier.

One of the real experiments used for the validation is the fire of a polyrethane sofa. This expennment has been
performed by the Technical Institute of Lundt in Sweden. This combustion of a sofa, in a rgom of about 9 square
melers, with an epen door, simulates a possible house fire {figure 3).

As it is shown in figure 4, the maximum temperature level predicted by the norms ISO et TNO is quile lower than the
one given by VULCAIN (550°). However, the fire durations calculaled by the norms (100 s} and VULCADGN (120 s} are
very similar. In fact, the very specific nature of the fuel - polyrethane block - forbids a precise prediction of this value
without a more precise description of its combustion. This is what is provided by the VESTA module, which gives a
salisfaclory prediction of the time dependant fire evolution.

The knowledge of the evolution allows, at the same time, a better evaluation of the nsk level, and a precise study of
fire prevention policies 1 simular premises (influence of the openings, remote inflammation, ...,

3.2 - Applications

Tawo cases illustrate the capabilities of application of the system :
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3.2.1- Oil fire in a large ventiiated room

This accident is typical of energy producing instaliation or industrial plants, where oil is used as lubrification or
hydraulic transmission fluid.

The experiment studied by the French Comunissariat for Atomic Energy considers the evolution of an ol fire (10 kg on
1 m2), in a venhlated room (dimensions : 9 X 6 X 7,6 m). On Lhe results shown in ligure 5, it can be noticed that
VULCAIN leads to a preliminary diagnosis very coherent with the results of the experiments : average burnt gas
temperature of 200°C for a duration of 400 s. In this case, the norms lead to an over-evaluation of the maximum
lemperature {(norm ISQO) or an under-evaluation, which could be dangerous for the installation. Once again, the
standard fire duration {35 s} given cannot lead to a rational policy of prevention.

The burnt gas temperature given by VESTA is very close to the gas temperature measured just under the ceiling and
the bumnt gas temperature at the extraction outlet level (after mixing with fresh air). The interest of the VESTA results
concerns again the interveniion policies in the room, including the influence of the ventilation conditions.

3.2.2 - (HI fire in a submarine

Due to the importance of ventilation, VULCAIN evaluates a peak temperature level (200° ¢) slightly higher than the
temperature reached during the experiments, and a fire duration of about 14 minutes, while the norms [5C and TNO
give 70 seconds (figure 6).

The results given by VESTA indicate a good agreement at the bumnt gas temperature levels.

in a submarine, another important parameter is the evolution of the oxygen-rate in the room, after the fire breaks out.
Figure 7 compares the computed and measured evolution of the oxygen-rate : the knowledge of this parameter is
fundamental to suggest prevention and intervention policies in a closed area.

4 - YSEQF VIILCAIN

VULCAIN is presently used for internal needs at BERTIN, for instance for systematic analysis of fire risks in 900 MWe
nuclear power plants. The system brings a solution to the requirements of rapidity of studies and unified approach.

4.1 - Use in nuclear industry

The French Commissariat of Atomic Energy has a specific version of VULCAIN which includes additional knowledge
related to nuclear environment (ventilation filters, fighting means, ...}

The expert system is mainly used for fire risk analysis in nuclear power plants and subsequent studies to define
improved conditions in critical cases.

The operaters do not have a computer background, but they have a good level of knowledge in fires. This feature
leads to emphasize two points : the user friendliness and ergonomy of the software and the explanation of the various
diagnosis. [n particular the operator inte. face includes an on-line help function.

Concerning diagnosis, two levels of explanations can be obtained :

- & short justification of the diagnosis to allow results interpretation
- a summary of the reasonning and the intermediate steps that led to the diagnosis

4.2 - Other uses

- Manufacturing industries which are particularly fire prone such as food industry, oil industry, and for which fires are
linked fo important economic consequences.

- Insurances

VUL(‘:AL.I\{ can be transformed inlo 2 handy tool allowing insurance companies to perform quick evalualions, based
on scientific arguments, of fire risks of indusirial instaliations.
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- Aircraft industry

Even though VULCAIN has not yet been used in applications related to the aircraft industry, it can easily be
envisaged to take advantage of its assets such as rapid and accurate diagnosis, scientific and technological bases,
casy manipulation, to examine fire risks and fire fighting procedures

- in manufacturing and aircraft assembly halls
- inside the aircrafts, in passenger or cargo areas

Indeed, the architecture of VULCAIN and the techniques used allow an easy personalization of the tool by taking
into account specific characteristics and by performing analysis such as :

- fire risk evaluation

- qualification of an environment against given risks

- aid for the design of the organization of premises to reduce fire risks
- aid for the definition of fire fighting procedures.
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HBOT SURFACE IGNITION STUDIES QF AVIATION FLOUIDS

R. G. Clodfelter
hero FPropulsion and Fower Laboratory
Lir Force Wright Aerconauvtical Laboratories
Wright-Patterson Air Force Base, Ohic 45433-6523
UsA

SUMMARY

Hot surface ignition temperature testing was performed in the Aircraft Engine
Nacelle Fire Test Simulator (AENFTS) located at Wright-Patterson Air Force BRase,
Ohig. The objective of this test program was to measure Minimum Hot Surface
Ignition Temperatures (MHSIT) of five common aircraft fluids (MIL-E-5606 and
MIL-H-83282 hydraulic fluids, JP-4 and JFP-8 fuels and MIL-L-7808 lubricating
©1il) using an air-heated bleed-air duct in a high realism tesat article.

A aimulated portion of the F-16 engine compartment and F100 engine was inserted
into the AENFTS and the five aircraft fluids were injected as spray or drips
{astreams) onte various locations on the hot bleed-air duck. Ventilation air
pressure, temperature, velocity and the flammable fluid flow rate were varied to
study their effect on the MHSIT of these fluids,

The results show that MHSIT is dependent on both fluid application mode, spray
or drip, and application location. MHSIT increased for all test conditions as
ventilation air pressure decreased. Increasing ventilation air temperature
tended to decrease the MHSIT. Adthough MHSIT increaged with wventilation air
velocity increases, this is not a dependable safety criteria since stagnation
regions are known to exist in engine compartments. In general, due to the high
level of aimulation achieved in this program and the wide scope of the test
conditions, the results will be of significant wvalue in the fire safety design
of future aircraft systems,.

INTRODUCTION

This paper describes tests performed to define the Minimum Hot Surface Ignition
Tempexature (MRSIT) for five fluids commonly found in an aircraft engine
compartment, MIL-H-5606 and MIL-H-83282 hydraulic fluids, MIL-L-7808 lubricating
0il and JP~-4 and JP-B fuels, when they were sprayed or dripped {streamed) onto a
hot engine bleed air duct (1.5" Q.D. Inconel tubing 0.035" thick). For
simplicity, these fluids will henceforth be referred to as 5606, 83282, 7808,
JP-4 and JP-8. These tests were performed to provide a better understanding of
the mechanism and risk of hot surface ignition in an airc¢raft engine compartment
and to improve the existing data base available to the ajrcraft designer.

The hot surface ignition tests were conducted with two test articles:

1. SIMPLE DUCT TEST - A short section of bleed duct mounted in an

uncluttered test section, heated alternately by electrical resistance heaters
and by hot high preasure air

2. HIGH REALISM TEST - A Fl00-PW-200 engine right-side bleed duct mounted
in a test sectiomn cluttered by actual engine components and simulated £-16
aircraft structure.

The test facility employed, the Aircraft Engine Nacelle Fire Simulator (AENFTS),
located at WPAFB, Ohio, is equipped 3¢ that the velocity, pressure and
tenperature of its simulating engine compartment ventilation air could be varied
to represent a wvariety of aircraft flight conditions.

This paper will concentrate on presenting some of the test reswulta, with little
diacussion of the test methodeology, hardware and analysis of the results. A
complete discussion of the program is contained in AFWAL-TR-88-2101, "Hot
Surface Ignitjion Tests of Aircraft Fluids", published early in 1989 (Reference
iy.

BACKGROUND

buring the fire safety design of an aircraft engine compartment, it is necessary
to define a surface temperature which is considered safe for the fluids and
environmental conditiona of interest. If thisa temperature is exceeded, then
other fire protection measures may be reguired. The Auto-Ignition Temperature
{AIT) as determined by method ASTM D 2155 is generally considered the lowest
temperature at which fluid vapors will spontaneocusly ignite in air at
atmospheric pressure with no external source of ignition. Some
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companies/designers reduce tha AIT by 50°F to define a safe coperating
temperature. Some use the AIT value directly while others aelect a temperakbure
up teo 200°F greater than the AIT based on hot surface ignition testing under
more realistic conditions than ASTM D 2155. A summary of the results of
previous hot surface ignition studies (References 2 to 6) is given on Figure 1.
The plotted temperatures should be reduced as noted for each study in order to
estimate the temperature at which ignitign would not occur. This is due to test
methodology and measurement errors. A 5°F reduction in the ASTM D 2155 AIT
value is acceptable due to the known precision of this test method.

Dua to the wide range in safety criteria pregently used, the cuxrent program was
initiated to investigate realistic test conditions not previously possible in
order to better select a safe design temperature without over-designing which
could be an operational penalty or under-designing which could cause loss of an
aircraft.

1308 P -
Can ]
(¥
- 128@ *
L]
L
S 1100
L -+
0=
= rs
= 18860 = TP
a A
o
e
s .
@ 309 P = = et —
wi
= gae +
= - -
— 7B@
= o - “EKEROSIHE
) -
™ 66848
>
= 580
= [ L -

489 1 1 1 L 1
HIL-H 3686 HIL-H-83282 HIL-L-7898 JP -4 IP-8
HYDRAULIC HYDRAULIC LUBRICATIHG FUEL FUEL

FLUID FLUID o1L

FIGURE 1. SUHHARY OF PREVYIOUS HOT SURFACE JGHITIOH STUDIES
(Hinimum reported ignition rempPperature at ambient pressure
and temperature and flow between B and 3 L./ 5ecC.)

™ ASTH-D-2195

#» ROLLS-ROYCE (BEARKRDSLEY) (HO IGHITIOH TEMP., UP TO 188 DEG F LOVER?

+ AFAPL-TR-79-2095 (HYROHUK) (HO IGHITIOH TEHP., UP T0 108 DEG F LOVER?>
- AFAPL-TR-79-2835 (PARTSY (HO IGHITIJON TEHP. UP TO 10€ DEG F LOWER?>
4 RFAPL-TR-71-86 (STRASSERY (KO IGHITIOH TENP. UP YO 88 DEG F LOWER)
O AFAPL-TR-83-2868 (FOOSE) (NO IGHITIOH TEHP, UP TO 25 DEG F LOVER)

ORBJECTIVE

The objective of the first part of the program, “THE SIMPLE DUCT TESTS", was to
investigate the phenomenon of hot surface ignition of flammable fluids within an
aircraft engine compartment with a teat article that was simple encugh to allow
centrol of most of the test variables. This part of the program waa planned to
allow:

1. comparison to past data, especially the General Dynamics data (Appendix
A of RBeference &),

2. determining the differences between an electrically heated duct and an
air heated duct.

3. determining the differences between aircraft fluids

4. investigating the effect of clutter.

5 investigating the effect of duct orientation (horizontal or vertical).

The cobjective of the second part of the program, "THE HIGH REALISM TEST", was to
determine the minimum hot surface ignition temperatures for each aircraft fluid
of interest over a range of severe but realistic aircraft operating conditions.
These tests were intended to provide design information, that had previously
been unavaillable concerning safe surface temperature limits within aircraft
engine compartments, based on the actual aircraft fluids and the temperature,
pressure and velocity of the compartment ventilation air flow.
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The tesg fluids had the fo%lowing proPergies: JP-4, 490°F %IT; JP-8, 4?52F AIT
and 118%F F.P.; 78083, 725°F AIT and 460°F F.P.; 7808H, 715°F AIT and 450°F
F.p.; 83282, 700%F AILT and 430°F F.P.; and 5606, 440°F AIT and 192°F F.P. (aIT

per ASTM D 2155 and flash point per ASTM-D33 for JP-8 and 5606 and ASTM-D92 for
7808 and 83282.)

TEST _FA ITY

The AENFTS is a ground test facility designed to simulate the fire hazards which
exist in the annular compartment arcund an zirxcraft engine. The AENFTS is
located at Wright-Patterson Air Forxce Base, Ohio. This facility (Fig. 2)
includes air delivery and conditioning equipment designed to simulate engine
compartment ventilation air flow, a fest gection within which fire teating can
safely be conducted, and an exhaust system which can cool the combustion
products and gcrub them sufficiently to allow their release inte the atmosphere.
In addition, it includes a gas fired heatigg system to provide gimulated engine
bleed-air to the test section. Up to 1500°F and 220 PSIA could be provided at
flow rateg up to 1 pound per second at the exit of this heater.
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FIGURE 2. AENFTS FACILITY

The test section of the RAENFTS is a two radian {114 degree) segment of the
annulus between a 15-inch radius duct, which simelates an engine case, and a
24-inch radius duct, which simulates the engine compartment outer wall, The
test section is approximately 14 feet long and is eguipped with access ports and
viewing windows that are provided for access te test egquipment and
instrumentation and for observation of the test activities taking place within
the compartment. To simulate a more realistic environment, having the
complexity of tubes, ribs, clamps, wires and other flow disturbances of a real
aircraft engine compartment, a portion of the F-16 aircraft nacelle was
simulated. Components from the forward right side of a F100 engine, as it
axists in the portion of the F-16 engine compartment selected for simulation,
were installed on a S-foobt long simulated engine side stainless steel base plate
constructed to fit the engine side of the ARENFTS test section (Fig.3). The
final assembly represented one-third of the engine compartment annulus. The
remaining AENETS test section length, approximately 60 inches, simulated the
less cluttered annulus around the afterburner.

The balance of the AEWNFTS facility included 8800 pounds of air stored at 2000
pai to allow high pressure testing, simulating ram air at high spesed and low
altitude and to drive an ejector for low pressure testing, simulating high
altitude flight. Five hundred kilowatts of electrical power was available to
heat the nacelle wventilation air apd, altheough net used in this program, a
2l-ton refrigeration gystem at -50°F was available to cool the wventilation aix.
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gp to 11 pounds per second of ventilation air was available from a blower at
atmospheric conditions. Additional details of the AENFTS may be found in
Reference 7.

Both "THE SIMPLE DUCT TESTS" and "THE HRIGH REALISM TESTS"™ used the AENFTS
facility and both had similar heated bleed air ducts. Only "THE HIGH REALISM
TESTS™ contained the clutter associated with the F-16.
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FIGURE 3. HIGH REALISH TEST ARTICLE

TEST PROCEDURE

In this test program, the bleed air duct temperature was started from a high
value where fluid ignition waa insured. The duct temperature was then reduced
by 50°F and the fluid was reinjected with all other wvariables such as
ventilation wvelocity, f£fluid flow rate, etc., held ceonstant. The optimum amount
of teat fluid to be injected had previcusly been determined. This process was
repeated until ignition did not ¢ocecur. Two additional injections were then
perforned at that duct temperature. When a bleed duct temperature was reached
where no ignitions occurred in three attempts, testing at those ventilatien air
conditions and test fluid conditions was ceased. The minimum hot surface
ignition temperature {(MHSIT) was defined to be {he lowest bleed duct temperature
that produced ignition and was approximately 50 F above the temperature where
three tests without ignition had occurredg. For example, at location DLZ on
Figure 4 the MHSIT was approximately 840 F for a 5606 drip of 2 millilitexs per
second. MHSIT data for the five teat fluids was obtained in this way throughout
the test program. There waa the potential for a 25 F errer in the temperature
measurement, thergfore, a conservative value for the "no ignition temperature”
would be about 75°F below the MHSIT,

During the initial phase of the high realism test program, six locaticns on the
bleed air duct were investigated individually to determine the MHSIT for a fluid
drip. (NOTE: Drip and stream are used interchangeably in this paper.} These
locations are noted as DLl through DL6 on Figure 4. Also two fluid spray
locationa were investigated. Location SFD was downatream of the bleed air duct
and SFU was upstream of the duct., On Figure 4, the 1 FP3 dencotes a wventilation
air velocity of one foct per second, the 2ML/S drip is 2 milliliters per second
fluid drip for lecations DLl through DL& and the B ML/S spray ig 8 milliliters
per second fluld spray at locations SFD or SFU. After an understanding of which
locations resulted in the lowest wvalue of MHSIT was reached, only these

locations were investigated in later phases of the program as other parameters
ware varied,

TEST RESULTS
1. SIMPLE DUCT TEST RESULTS

a. For most of the test conditions, the duct with a cushion loop clamp
generated lower MHSITs than the bare duct (without clamp).

b. Method of duct heating ia important. Lower MHSITs wexe generally
measured with the air-heated duct than with the electrically resistance heated
duct. This was probably mostly due to the higher heating rate available with
the air-heated duct.

<. Lower MHSITs were noted when the duct was mounted horizontally and normal
to the air flow compared to when the duct was vertical and normal to the air
flow,
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The "SIMPLE DUCT TEST" results are presented on Table 1.0 The Genearal Dynamics
data ((Reference 6) shown on Table 1 was increased by 50°F to allow comparison
with the present data. The General Dynamic reported temperatures were the
highest value for no ignition whereas the present program reperted the lowest
temperature value that resulted in ignitien.

TAOLE 1. SUHMARY OF RESULTS FOR THE SIRFLE DUCT TESTS

FLUIDS SPRAYED FROK UPSTREAN -- REMFTS MORIZDOHTAL EXCEFT A5 HOTED
CAIR AT 314.4 PSIA & 1284 DEG. F)
w HO TEST VEMTILATION AIRFLOW VELOCITY (FT/SEC>
8 1 b4 4 & 8
5686 - SIKPLE DUCTY
1R HERTED SINPLE DUCTY w 1388 1280 1368 >135@ 1338
AIR HERTED SIWMPLE DUCT " >i358 >1358 >t358 e ™
C(AEMFTS VYERTICAL?
RESISTANCE HEATED SIHPLE DUCT - il15e i1v8 1360 15180 1558
G. D. ¢<RES. HTD. BARE DUCT> 1168 10680 1260 1368 1478 1488
5606 - DUCTY WITH CUSHIOH CLAMP
AIR MEATED DUCT WITH CLANP - 1186 1180 11580 1288 1388
RESISTANCE HERTED DUCT W/CLAMHP - 1158 1178 1199 1328 1389
G. D. ¢RES. HTD. DUCT W/ CLARP) 1198 1189 1a7® 1378 14789 -
JP-4 SIKPLE DUCT
A1k HEATED SIMPLE DUCT e >1358 1350 21358 >[(358 >1359
RESISTAKCE HERTED SIKPLE DUCT - 1378 1374 15688 1528 13548
G. D. (RES. HTD. BARE DUCT)> 1358 - 1378 1380 1388 1396
JP-4 DUCT WITH CUSHIOGH CLARP
AIR HERTED DUCT W1TH CLAKP w 1258 1258 1358 > 1348
RESISTAMCE KEATED DUCT W./CLARP - 13649 1430 1558 1528 13548
G. D. (RES. HTD. DUCT W~ CLAHP) i3va B 1368 143@ - o

2. HIGH REBLISM TEST RESULTS

a. Table 2 presents the effect of ventilation air velocity on MHSIT for the
teat fluids under several fluid injection conditions. The drip locations shown
had previcusly been determined to represent worst case locationsg. Caution is
necessary if these test resulta are to be applied te an aircraft design problem.
While the effect of increasging the velocity was, as anticipated, to generally
increase the MHSIT' =, these velocities were measured in a single location within
the test article. In an aircraft engine compartment, thexe are also regicna of
higher wvelocity and regions of stagnation. Unless the designer ig confident of
uni form air flow, the minimum MHSIT's found in these testa should be applied
with the understanding that low local velocities may well exist in the wvicinity
of an aircraft bleed duct or other hot surfaceasa.

b. Table 3 shows that as ventilation air pressure increasesa, the MHSIT
decreases for all conditions evaluated except for JP-8 at 14.9 psia and 20 psia
and this exception was within experimental error.

c. Table 4 gives the effect of increasing ventilation air temperature on
MHSIT.

For the aboveotablas, the MHSIT's measurements uncertainty is Bpproximataly
+25°F and -75°F. The >1350 denotes no ignition up to the 1350°F maximum
temperature due to facility limitations with the air heated blead duct.

DISCUSSION OF TEST RESULTS

1. The injection location was found to atrongly affect the MHSITs in the "HIGH
REALISM TESTS". A variety of factors, including the lecal wventilation air
velocity and temperature and the heat transfer coefficients of the particular
fluid contact site on the duct, affected what MHSIT waa determined for the
fluid. Tt waa found that a stream (drip} onto a horizontal bare section (DL3 of
Fig. 4) of the duct ignited 5606, 83282 and 7808 at the lowest temperatures. It
was found that a stream onto a horizontal section of the duct where a clamp was
located (DL5 of Fig. 4} ignited JP-4 and JP-8 at the lowest temperatures.

{Note: The AENFTS test section was mounted in the vertical position.) It was
also found that spray from downstream also ignited 83282 at a relatively low
temperature. For the range of spray and stream flow rate that were
invesgtigated, little effect of injection flow rate or duration was observed.

2. The MHSITz of all five test fluids, both spray and stream, increased
dramatically as ventilation air pressure was lowered. Hence, MHSITs are
significantly increased for aircraft at altitude.

3, The MHSITs of all five fluids generally decreased as the ventilation air
temperature was increased. The MHSIT of 3808, however, was affected only
slightly. With an air temperature of 800 F, the MHSIT of B3282 (spray and
stream) was below the fluid‘s AIT (700 F per ASTM D 2155) .



TABLE 2. SUMKRARY OF THE EFFECTS OF AIR VELOCITY OH MHSIT

(ﬁ YVEWNTILATIOHK RIRFLOW YELOCITY (FT~/SEC)
- ¢14.4 PSIA & 128 DEG, F>
a 1 2 4 [ g 11
DRIP
[HJECTIOH FLUID
LOCRTIQN
DL3 5686 p. 780 740 648 998 1848 Y-
oL3 83282 ge8 79@ g48 XX} BA® 850 1188
DL3 7ges “ 994@ 998 1898 1898 1139 1238
DLS JP-4 1258 12848 1288 1238 1260 1218 1328
DLS JPp-8 11680 11380 t159 1288 tzsa 1268 1229
SPRAY
FrRON 5666 1858 10080 1218 1188 1208 1238 w
UPSTREAN
5646 - 1100 7S50 - - " 1389
SPRAY 83282 759 gge Y1) 7?50 -R:E:} 1018 1228
FROH 78088 w 1180 1868 - - w 1278
DOWHSTREAN Jp—-4 w 1158 1168 - w ™ 1330
L_ Jje-g - 1159 11880 . - w 12980

= HO TEST

TRABLE 3. SUHMARY OF EFFECT DOF AIR PRESSURE OH HHSIT

[ ALTITUDE SIKULATICOH RAH SIAULATION
{2 FT/SEC & 128 DEG. F» CS1FT/SEC B 128 DEG. F)
PﬁféﬁﬂRE 5 18 14.4 14.4 28
DRIP
IHJECTIOH FLULID
LOCATLOM
DL3 S6@6 1328 11688 748 1146 1688
DL3 83282 1358 1158 B4 0 t188 g4a
DL3 rgeg >1359 13449 998 1238 1148
pLS IP-4 1358 1218 1288 1329 1249
oLS Ir-a >1358 >1358 1158 J 1228 124¢
>13358@ >1358 7@ Y 13880 1288
SPRRY »1358  >1358P 9¢8 1228 B2a
FROH 34358 »135@ 1oce 1278 1198
DOWHSTRERHN 1358 >1354 1168 1339 1248
>13580 >1358e 1149 | 1298 1258
SPRAY
FROM 5666 - w 1218 - -
UPSTRERH

- KO TEST

TABLE 4, SUMHKARY OF THE EFFECT OF RIR TEHRPERATURE OHK MHSIT

YEHTILBTION AIRFLOV YEMPERNTURE (DEG. F)
€14.4 PSIA B 2 FT/SECY
. 128 188 608
CRIP
IHJECTIQOH FLUID
LOCATIOH
oLy 7490 548 coe
oL3 3282 g4a 759 cea
DLy 7808 994 12840 838
DLYS IP-4 1168 1218 1t1ge@
| oLs JP-8 1139 940 1840
5686 750 708
SPRAY 3362332 Baa 6358 638
FROH 7808 1960 1968 950
OOWHSYREAN IP-4 1169 1858 758
iP-8 11889 958 [3:1)
% 832682 WOULD IGHITE VUITH AIR TERPERATURE
AT 68@ DEG. F EYEH WITHQUT DUCT HEATIHG

4. For all fluids, the MHSIT for both spray and stream was higher at a velocity
of 8 ft/sec than at a velocity of 1 ft/sec. The MHSITs of JP-4 and JP-8 {spray
and stream) were affected only slightly by velocity, however.

5. The effect of ventilation air temperature on the MHSIT of JP-4 and JP-§ was
different for spray and stream fluid introduction. High wventilatioen air
temperatures dramatically decreased the MHSIT of JP-4 and JP-8 spxray while
affecting the MHSITs for stream introduction only slightly. This was probably
because the spray droplets were preheated in heated air before they made contact
with the hot duct while the fluid stream had less time for preheating befere it
struck the hot surface.

6. In general, the hydraulic fluids, 5606 and 83282, tended to ignite at lower
MSHITs than the JP-4 and JP-8 fuelg. Lubricant 7808 was somewhere in between
for the majority of the test conditions.



7. Both fluid injection modes, spray and stream, are important in determining
the lowest MHSIT depending on test conditions and type of fluid.

8. The "HIGH REALISM TESTS" with their asgociated clutter gave lower values of
MHSITs than the "SIMPLE DUCT TESTS". Thia difference may have even been greater
if the AENETS test section had been bhorizontal for the "HIGH REARLISM TESTS".

9. The actual MHSITs may be up to 75°F lower then the values generated in this
study due Lo measurement uncertainties. The MHSIT=s, based on the "SIMPLE DUCT
TEST" resultsa, could have been even lower if the AENFTS teat section was mounted
heorizontally.

10. In rxeference Lo Figure 1, the results ofothis program would plot as o
follows: 5606~--700 F, B83282--750 F, 7808--250 F, JP-4--1150"F, JP-8--1100 F.
The no ignition temperature could be up to 757F lower due te test methodology
and measurement errors. Figure 1 together with the present results demonstrate
the dependency of MHSIT on test hardware and test procedures.

11. Many of the MHSIT values generated in this program may have been lower if
the heated test section was mounted horizontally, if the test section was larger
in heated area, and if the initial temperature of the test fluid have been
higher. (Note: In this test program the fluid injection temperature was near
ambieng. In current engine compartments the fluida of interesg may be as high
as 325°F for the fuels, 275 F for the hydraulic fluids and 350°F for the
lubricants.)

12. To determine the maximum safe design temperature, the highest operaticnal
compartment temperature and pressure should first be established. At these
conditiona, the lowesat MHSIT, independent of ventilation air flow but at least
zero ft/sec, should be noted for each fluid of interest and both injection modes
{(spray and stream). All relevant hot surface ignition information should be
considered. The lowest wvalue of MHSIT resulting from the above procedure should
then be reduced by at least 150°F to arrive at the maximum safe design
temperature. Elevated fluid temperatures and large hot surfaces (engine case)
were not considered in the above suggested reduction of at least 1507F.)

CONCLUSIONS
The results of the present study add significantly to the data base available on

hot surface ignition temperature particularly for aircraft engine compartment
design. The most important features of the new data are:

1. their ceollection on a simulated portion of an F-16 nacelle using real
components and system configuration.
2. a systematic variation of ventilation air pressuxe, temperature and

velocity covering a range of realistic conditions simulating aircraft
operation under various ram air and altitude conditiens.

3. wuse of the five flammable fluids of most interest in aircraft
applications injected as sprays or streams and determination of their
relative flammability under identical test conditions.

4. ignitions of B3282 at temperatures below its AIT per ASTM D 2155.

RECOMMENDATIONS

The reaults of this program together with other pertinent hot surface ignition
studies, including additional testing as necessary, should be reviewed with the
objective of developing an universally accepted criteria for eatablishing safe
operating temperatures for a wide range of aircraft applications.
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SUMMARY

The mechanisms of ignition, stabilisation and propagation of aviaticn turbine
fuel fires are examined and discussed in the context of ajircraft accidents. This
appraisal suggests that the c¢rucial role of a suitably sized aerodynamic stability zone
in the stabilisaticn of fuel spray fires has not been adequately recognised in the past.
1t alsc suggests that the importance of hot surfaces as scurces of fuel preparation and
1gnition has, similarly, been neglected. From considerations of the buoyancy and
radiative characteristics of even moderately sized pool fires 1t :5 concluded that great
care 1s reguired in the interpretation of results from smaller experimental fires.

1. INTRODUCTICN

Fire is the majior cause of fatalaties in otherwise survivable arrcraft accidents,
Because of this an understanding of the causes and spread of fire 15 of considerable
importance. Most research intoc the nature of combustion has been conducted using
laboratory scale experiments and it is necessary to examine to what extent such data are
valid when applied to ailrcraft fires.

The areas of primary concern in predicting fire behavicur are fuel preparation,
ignition, flame propasoation and stabilisation. These are, of course, strongly inter-—
related and the boundaries between them can be guite blurred.

The fuel preparation process invelves the evaporation or atomisation of the fuel
in order to generate either an air-vapcur mixture having a fuel/air ratio within the
filammable range or sufficiently small dreplets that they can be ignited by the 1gnition
S0Urce.

There are only two essential reguirements for igpition. The first is that the
energy which is applied to the system must he sufficient to generate a temperature at
which exothermic chemical reactions begin. The second is that the heat generated by
these reactions after the initial ignition energy has dissipated must exceed the heat
losses from the system.

The wvelocity at which a flame can propagate into a turbulent stream of kercsine
vapour or droplets in air at standard temperature and pressure is only about 1 metre/sec.
If the flow wvelocity over an ignition source is less than this then the flame will
propagate upstream into the approaching mixture until elther the fuel/air source is
reached or until the velocity or fuel preparation or some other factor becomes
unfavourakble. If the flow velocity exceeds the burning velocity then the flame will he
swept downgtream and ultimately extinguished.

For the flame to become stabilised ie. fixed in space relative to some structure
such as the ground or a moving aircraft, there must be a continuous supply of prepared
fuel and an ignition source at the origin of the flame. The ignition scurce could be a
contipuation of the original ignition process - such as a proleonged electrical discharge,
but it is more likely to be feedback from the flame itself by the physical recirculation
of hot combustion products in the wake behind a bluff body.

Bach of these stages of the combustion process, as thev apply to aircraft fires,
will be discussed in this paper. &As will be shown, behaviour in practical circumstances

may he guite different to that observed under laboratory conditicns and may often cause
4 serious undergstimate of the threat.

2. FUEL PREPARMATION

Fuel can be prepared for ignition in only two principal ways. It may be
Yaporised, either by contact with a hot surface or hot gas or by an input of thermal
radiation. Alternatively it may be atomised, either by a nich velocity airstream or by

being projected at high velocity into a slowey moving airstrean.



T

The droplet sizes produced by substantial fuel leaks from moving aircraft can be
estimated using relationships devised to predict the atomisation of liguid fuel in high
velocity alirstreams. In practice it is much more likely that the bulk of the fuel would
be spilled from a relatively fast moving aircraft into stationary air. In this case the
atcomisation takes place when the relative velocities of fuel and air are high and
atomisation ceases when the fuel has been brought to rest by drag. In contrast both in
the predictive eguations and in most simulations, the injection of fuel into a fast
moving airstream creates additional) atomisation as a result of turbulence within the air
jets and the mixing of the a:r jet itself with the stationary envircnment. 1In the
aircraft situation much higher local fuel concentrations will occur and larger droplet
sizes will be produced than those produced in simulation or predicted from airspray
atomiser theory.

Assuming that the aircraft is moving at 80 m/s, atomisation theory predicts that
a Sauter mean droplet diameter (SMD) of about 60 microns would be produced. When the
aircraft speed drops to 20 m/s this would increase to about 180 microns. Since the
terminal velocities of these sprays are 0.1 m/s and 1.0 m/s respectively it is clear
that sedimentation losses will produce large differences in flammable 'lifetimes'. As
will be discussed in the next section, although combustion of the larger droplets would
not often present a problem, ignition by any means becomes increasingly difficult. As
the aircraft velocity decreases, two particularly threatening modes of fuel preparation
become important. One is the possibility of disruption of the high pressure fuel system
on an engine, together with severe mechanical damage to the engine itself. &although the
quantity of fuel which may be liberated may be relatively small it is likely to be well
atomised, either because of its own high pressure source oxr because of assocjation with
high energy air from a disrupted engine. The proximity of this fuel to a variety of
i1gnition sources presents a severe threat. The second possibility is that large
gquantities of vaporised fuel can be preduced from hot surfaces such as engines and
aircraft brakes.

3. IGNITION SOURCES

Sparks

Rao and Lefebvre [(Ref 1) have investigated the spark lIgmnition characteristics of
flowing kerosine spray/air mixtures. Their data are shown in Fig.l. Because their
primary interest was in combustion systems their data do not extend either to
sufficiently high air velocities or droplet sizes for present purposes. HNevertheless
for the coarsest spray which they used (85 microns SMD) and for the highest velocity
{(49.5 w/s), values which approximately represent a fast moving aircraft, the range of
fuel/air ratios over which ignition is possible is clearly very narrow. Similarly the
ignition range even for the lowest velocity (19 m/s} and the 85 microns SMD fuel spray
is again very narrow, Fig.2. Tt is considered, therefore, that the risk of ignition
from sparks, is low under either of these circumstances.

Ignition of vapour clouds or well atomised fuel by means of sparks in the
vicinity of stationary aircraft poses a substantial threat both because the spark
energy required may only be a few milli-Joules and because a large but localised mass of F
airborne fuel may be available. 4

Hot air

The spontaneous ignition of fuel in hot air streams has been explored in detail
by several workers because of its importance to air breathing engine technology.
References 2,3,4,5 are typical of this work.

Figure 3 which is taken from the work of Spadaccini and TevVelde, [Ref 4], shows
collected data from a number of sources. One of the principal features of this mode of
ignition is the characteristic ignition delay time which varies widely as a function of
air temperature (and pressure). Sources of high wvelocity, het air, such as the engine
exhaust or air escaping from a disrupted engine pressure casing, have a considerable
potential for atomising and vaporising fuel and raising the mixture to a temperature
where it will spontaneocusly ignite. For example the injection of stoichiometric
quantities of fuel into stationary air at 880X would produce a fuel/air mixture at
about 810X in which the ignition delay time would be 100 milli-secs. However for a
sonic velocity jet, which would be typical of engine exhausts or damaged engine
pressure c¢asings, the ignition would occur about 60 metres downstream of the point of
fuel injection. Even at this point ignition is by no means certain because the jet
would be heavily diluted and cooled by entrainment of ambient air. As with spark ignited
combustion the greatest threat is brought about if the air jet/fuel mixture is slowed

down so that when the ignition delay time has been reached the ignition still occurs
close to the aircraft.

Hot surfaces

The minimum spontanecus ignition temperatures of most fuels are determined by
injecting small guantities of fuel intoc a hot crucible. Importantly, there is a time
tag of several tens of seconds between injection and ignition at this minimum
temperature. This ignition lag is only rarely described and coverage of this subject is
not extensive. Data from Ref.6 for gascline is shown in Fig.4. Since it is clear that
any fuel intreduced into the crucible will guickly evaporate it would seem likely that
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this test should produce very much the same ignition delay characteristic as the
experiment where fuel is injected into het air. The crucible test does however allow
the estimate of wery long ignition lags which would not be possible in a flowing gas
stream. With this in mind the data from Fig.3 has also been plotted on Fig.d. Although
the range of air temperatures in the two experiments do not guite overlap it seems
reasonable to assume, as @ working hypothesis, that the ignition characteristics of hot
surfaces and hot gases are identical for practical purposes.

It seems difficult teo understate the threat posed by hot surfaces as igniticn
sources. Engines and aircratt brakes, for example, provide considerable masses of hot
material which are likely to come into contact with fuel during an accident. Turbine
disks can be expected both to vaporise and ignite fuel up to half an hour after the
engine has stopped running. It is significant to note that only 10 kg of nickel alloy
{or graphite] at 600°C will vaporise and ignite about 5 kg of fuel. The conseguences of
a fireball containing this much fuel will be discussed in Section 6,

The principal threat from hot surface ignition comes about when the aircraft is
slow moving or stationary so that flame stabilisation is unnecessary, and when laxrge
masses of flammable vapour can accumulate. Several, well documented examples of fires
started by hot surfaces are available. The fire that occurred in the Controlled Impact
Demonstration, which was organised in 1984 under the auspices of the United States
Department of Transport and NASA, in which antimisting fuel was evaluated, was started
by a hot surface/hot gas ignition on a massively disrupted engine. A fire in an engine
test cell which was analysed by the author was similarly started by a hot, broken drive
shaft. The fire in the British Airtcurs accident at Manchester in 1985 was started by
fuel from a holed fuel tank coming into contact with a badly disrupted engine.

Flames

Flames themselves tend to be very effective sources of ignition for several
reasons. In the first place even small flames present orders of magnitude more energy
than the minimum reguired for jignition under ideal circumstances. For example even a
modest 250mm high flame on a 25mm wide wick produces about 750 watts., In the second
place the flame is a ready source of active chemical species, such as radicals, which
are egsential to the chain branching reacticons of the combustion preocess. Clearly
however, criteria such as low velocity and low turbulence level have to be met both for
the pilot flame 1tself to survive and for the ignition to succeed.

Radiation

The potential for moderate and large fires, particularly pool fires, to start
secondary fires, at a distance, by radiative heat transfer alone deserves serious
attention. TFor example an eye witness at Lockerbie reported seeing splashes of fuel
falling frem the sky onto house roofs some distance from the main fire and catching fire
there. Hardee et al, (Ref 7), summarise much of what is known about radiation from LPG
fires and about the growth and lifetime of fireballs. These data confirm the
serjousness of radiative heat transfer as an ignition mechanism. For example, Fig.6,
shows estimates of the radiative cutput from a range of diameters of pool fire. The
scale of the fire profoundly affects 1ts flame temperature, emissivity and for geometric
reasons its optical properties. For a target surface far from the fire, the fire
appears tc be a small optical source and the radiation received at the surface varies as
the inverse sguare of the distance from the fire. BAs the distance from the target
surface to the fire decreases the view is increasingly of an extended area many times
larger than the target. In the limit the radiant energy received is the same as that
leaving the flame.

Exploratory experiments and calculations illustrate the ease with which roofing
slates and cement mortar can be heated by radiant heat transfer to temperatures suitable
for the ignition of fuel or other organic debris. By way of example, a radiation flux
of 120 kW/m’ would raise the surface temperature of both slate and cement to more than
700°C in just less than a minute (see Fig.5). According to Hardee a radiation lecad of
about 110 kJ/m* {over only a few seconds) will start grass/paper/fabric fires and
produces third degree burns.

The heating of pocls of kercsine on concrete surfaces by thermal radiation appears
to be approximately 90% efficient. This is because while the concrete intercepts most
of radiation not absorbed by the fuel the concrete is a poor conductor of heat and the
incident energy almost entirely ends up in the fuel. As an example, a 7mm deep pool of
kerosine would be heated to its boiling point in about 15 seconds by a radiative flux of
130 kW/m?*. The generation of hot fuel and fuel vapour and local surface temperatures
sufficient to produce ignition is therefore a substantial threat which is strongly
influenced by the scale of the fire.

Ingestion in engines

An engine can nermally be expected to be tolerant to i1ngested fuel in modest
Jquantities, comparable to the engine fuelling rate, provided that the fuel flow into the
engine increases slowly. Most engine fuel control systems would respond to the increased
fuelling rate by turning down the engine fuel to compensate. In the cases of heavy
overfuelling by ingestion or step changes in fuelling an engine surge will normally be
provoked. During a heavy surge large fireballs may appear both in the engine exhaust and
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out of the engine intake. These fireballs may act as ignition sources to produce & much
larger fire arcund the engine. The probability of ignition under these circumstances is
very high, and is a particular threat with rear mounted engines where there is a greater
likelihood of spilled fuel being ingested.

4. PROPAGATION

it has been noted that the velocity at which combustion can propagate into a flow
of fuel and air at normal temperature and pressure is only about 1 m/s. However it does
not follow that combustion will cease if the velocity exceeds this value. Particularly
in a turbulent jet flow the itgnition scurce may, intermittently, ignite part of the
mixture and flame can propagate across the flow to produce a series of fireballs. These
fireballs will be convected away, downstream from the ignition source as they grow. 1If
the turbulence level in the jet is very high or the scale of the experiment 3is small and
the size to which the fireballs can grow is limited the fireballs will becowme diluted
and dissipated and finally become extinguished. This mechanism was used by
References 8 and 9 as a test of the effectiveness of anti-misting fuels. 1In these
experiments a small wing or other obstacle was mounted in the efflux of a small high
velocity air jet. Fuel could be injected into this airflow through a simulated leak in
the wing and a propane torch flame was located close to the wing as an ignition source.
Success or failure of the test fuel was judged by the readiness of the fuel to ignite
and stabilise on the cbhstacle or by the rate of growth of fireballs convecting downstream.

It is important to recognise the differences between what was observed in these
experiments and what would happen in the case ¢of an aircraft crash. 1In the first place,
in the experiment, the jet velocity continually decreases through momentum exchange with
the surrounding atmosphere and the contents of the jet are progressively mixed and
dispersed into the environment. If the velocity or turbulence xn the jet 1s high enough
even a stabilised flame cannot survive and the flame kernels produced at the ignition
source progressively reduce 1n size and are fipally extinguished. In contrast, in a
crash situation the aircraft is moving through a more or less guiescent environment. In
this case airborne concentraticns of fuel droplets or fireballs rapidly come tao rest in
an environment which is only turbulent by virtue of the aircraft wake. Hence mixing and
dilution are relatively slow and the extinction of & fireball is very improbable. The
time which a fuel droplet cloud can stay in contact with a staticnary ignition source is
therefore high and the radiative heat transfer from a fireball to a particular area will
alsc be high. In addition because of the larger scale the extent of the heat losses
from the fireballs is much reduced. The probability of continuing combustion is,
therefore, significantly higher.

The burning velecgity even of stoichiometric mixtures is strongly sensitive to
temperature. Estimates of sensitivity have been made which vary from about T to 77,
This feature of burning velocity 1s of considerable importance in situnations where there
is appreciable preheating of the reactants either by recirculation, or from the flame
originating on a hot surface, or through radiative heating.

Significantly, radiation from full sized fires can also produce more fuel
evaporation than is needed to sustain the fire and thus contributes substantially to its
stabilisation and propagation. In the case of the pool fire, radiation is, of course,
the main contributor both to the stability and to the spread. In this case the fire
propagates across the pool because flame speed is higher than the bueoyant convective
velocity of the fire column down near the surface of the pocl. As an example, while a
160mm wide pool fire, (Ref §), spread at between 20 and 35mm/s, it could be anticipated
that a fully developed fire 3 or more metres diameter would spread at up to 3 m/s.

The thermal radiation emitted by pool fires is very often poorly modelled in
small scale experiments and its contribution to the stability of recirculation stabilised
flames is usually ignored.

5. STABILISATION

As noted in the introduction, even if ignition is achieved the resulting fireball
would be left behind an the wake of the aircraft at all but the lowest speeds unless the
flame kecame stabilised in the slow moving wake behind an aerodynamic obstruction.

The aerodynamic attachment of the fire to the aircraft structure represents one of
the most efficient ways in which any ignition event can proceed to produce a stabilised
fire. It is therefore a very serious threat. Firstly it allows a well developed fire to
follow a moving aircraft. Secondly it allows well aerated, turbulent fires, which
generate intense convective and radiative heat transfer, to attach to the aircraft
structure.

An aerodynamic flame stabiliser consists of no more than an obstruction of some
sort placed in an airflow so that the airflow is diverted around it leaving a slow moving,
recirculating wake behind the obstacle. If the residence time of fuel and &ir in the
recirculation is mere than a few tens of milliseconds, combustion reactilons can proceed
to completion, fi1lling the wake with flame temperature combustion preducts which then act
45 & massive flame jgnition source for fuel and air passing by the stabiliser.

It can bg shown that only about 4% of the airflow which is deflected around an
obstacle finds its way into the recirculation zone. Because the recirculation rone is
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well stirred, freshly entering material is thoroughly mixed with the existing contents
at all) times and the dilution of eriginal contents of fresh material follows an
exponential relationship. Figure & shows a typical concentration decay characteristic
measured behind a stabiliser which shows the expected exponential form. The cyclic
fluctuations superimposed on the characteristic are a result of eddies being shed from
the stabiliser at the characteristic Strouhal freguency; these eddies are the principal
method by which fluid is introduced into and removed from the recirculation. It is c¢lear
from this characteristic that the long residence time within the recirculation cffers
both the combustion reaction time which is needed and provides a buffer with which the
system can even survive short term interruptions to the fuel supply. Since about 4% of
the fuel/air mixture which was deflected around the obstacle finds 1ts way into the
recirculation it follows that an equal mass of gas at flame temperature must leave the
recirculation. Behind even a modest stabiliser this ocutflow at flame temperature
represents a massive ignition energy source. Just as lmportantly the entire fire may
be stabilised behind a large stabiliser such as a fuselage.

The obstacle does not even have to be a solid one; for example a sheet of air
deflected off a surface or a Jet from a thrust reverser which penetrates into the air-
stream could act as an efficient stabiliser, (Ref 10). In practice solid surfaces such
as flaps, speilers, engine mountings, undercarriage, thrust reverser buckets and in the
extreme the entire aircraft fuselage are all capable of acting as highly effective
stabilisers.

Because flame stabilisers are essential to the operation of gas turbine
combustors, rehealt systems and furnaces etc the characteristics of thelr performance are
well known. As with igniticn the basic reguirement is that the rate of heat release in
the recirculatien zone must at least equal the rate of heat loss. The objective of mest
correlaticns is to relate the ability of a particular stabiliser geometry to maintain
combustion, to varicus conditions such as fuel/fair ratio, stabiliser size, pressure,
temperature and, of course, flow velocity. Generally the data are correlated in terms
of a stability parameter 'S' and the overall fuel/air ratio. Figure 7 sheows a typical
stability loop.

Here the stability parameter £ = V x 1000/D‘65 x pr?Y x 7h! yhere
F = atmospheric pressure, T = temperature of tne air/fuel flow approaching the flame
holder, D = flameholder hydraulic width and V = the flow velocity approaching the flame-
holder .

It can be seen, for example, that the stability parameter for a modest 1 metre
wide flameholder in a 50 m/s airstream indicates that it will have stable flame belding
capacity over nearly the entire flammable range of fuel/air ratio. The illustration
alsc shows the reduction ip stability which occcurs with a 25mm flameholder and the effect
of a small 1ncrease 1n reactant temperature.

An additional factor which should be noted in small scale experiments {(and
fires) is that larger droplets, which have too much inertia to follow the strongly
curved streamlines behind a small stabiliser are unable to enter the recirculation.

The fuel/air ratic in the recirculation zone will therefore be significantly less than
that in the fuel/air mixture approaching the stabiliser and the stability will therefore
be limited at the weak boundary because of a shortage of fuel. It is believed that this
underestimate of stability, as a result of small scale work, may be substantial,

It should be noted that the stability parameter takes no account of the need to
evaporate fuel. If the stabiliser dimensions are greater than about 1 meire, the time
which even a very large droplet spends within the burning zone will ensure its
evaporation and combustion. In contrast, in a small scale stabilised combustion
experiment (which is typical of the experiments used to define stability limits} there
may well be insufficient time for evaporation to be achieved. This leads to lower
heat release and a low estimate of the possible stability range. Figure 8 shows
theoretical estimates of the evaporation and combustion histories of droplets falling
freely in a flame temperature envirconment. Only convective heat transfer to the
droplets has been considered and it has been assumed that there is no buoyant rising
airflow in the fire. The figure shows that even a 500 micron droplet will be burned
within one second during which time it will fall only 0.6 metres. Hence in spite of
these conservative assumptions, the model demonstrates that a larger scale fire will be
Capable of vaporising and burning even very poorly vrepared fuel and will therefore be
self sustaining., Figure 8 also shows, in contrast, that if the same droplets were to
fall through a 0.2 metre deep fire, (in about 120 ms), only about 10% of the droplet mass
would be evaporated and the fire would not be self sustaining.

6. PRACTICAL EXAMPLES
a. A fire in an atmospheric pressure cngine test facility

This incident began when an engine WP fuel pump drive shaft fractured. For a
short time the shaft continued to rotate due to friction between the broken ends and
these quickly became heated tc a temperature 1n excess of 450°C. When the ends of the
shaft became disengaged ape of them struck a high pressure fuel pipe causing a small hole.
The high pressure kerosine jet which escaped produced a cloud of fuel droplets which were
ilgnited by the hot shafting. An analysis of the damage to engine {1ttings, based on the
data of Reference 7 but using increased flame emissivities appropriate to kerosine flames,
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suggested that the initial fireball which resulted was about 3.75 metres radius and
contained about 1.7 kg of fuel. This estimate could be confirmed because the firehall
1ifted off and pooled under the ceiling of the test hall where damage to meore fittings
allowed both temperature and hot gas volume to be estimated as an independent check. at
about this time automatic fire fighting equipment operated to extinguish the fire and
preserve the ovidence of rthe first few seconds of the fire's development., The predicted
lJifetime of the fireball in contact with the engine was only about 2.7 seconds. It was
found that light alloy fittings had been heated to their melting points (650°C) during
this time as expected from theory. Although it was not a feature of the incident it can
be calculated that 2mm deep pools of fuel on concrete surfaces would have been heated to
boiling point and would almost certainly have caught fire.

This example serves to demonstrate that the data of Reference 7 can be used,
with slight modifications, to predict verified cbservations in a kerosine fire incident.
It also illustrates the scale of the fire resulting from the combustion of less than
2 kg of fuel. Had the test hall design allowed pooled fuel to accumulate the initial
fireball would almost certainly have been folleowed by a pool fire.

Second Example

b. The Controlled Impact Demonstration fire

In 1984 a Controlled Impact Demonstration of a Boeing 720 aircraft took place at
Edwards Airforce Base, California. The heavily instrumented, remotely controlled air-
craft loaded with anti-misting fuel was landed 'wheels-up' in a controlled fashion to
simulate a 'survivable' accident. During the slide ocut after touchdown the aircraft ran
through an array of robust cutters designed to open up the carge bay and the wing fuel
tanks. In the event the aircraft touched down with the port wing low and =lid through
the obstacles to a fipal halt slewed at about 45 degrees to the direction of travel.
Even before encountering the cutters the engines on the port wing had been ripped off
and it is likely that there would have been considerable fuel release in the wake behind
the aircraft cabin. Dust raised in the slide out demonstrated that the entire fuselage
and vertical stabiliser were acting as a very large stabilisatien zone. The fire was
started when a cutter intersected the inner starboard engine in the vicinity of the com-
bustion section and tore the engine in half. The ignition of on-board engine fuel was
due to a mixture of hot surface, hot gas and probably flame sources. The very high
initial rate of growth of the fireball which followed was largely due to the explosive
rupture of the engine. Measurements of the fireball diameter suggest that about 4.5 kg
of fuel was involved in this initial staqe. As was discussed earlier the scale of this
fireball was quite sufficient to vaporise and burn even poorly prepared, anti-misting
fuel pouring from the breached wing tanks. Within 1 second expansion due to combustion
had increased the size of this fire, on the starboard (upwind} side of rhe fuselaage, to
about 14 metres ‘'diameter' and the fire had been swept over the cabin roof into the
recirculation zone in the fuselage wake. Within one more second a massive fire had
become established in the recirculation zones behind both the fuselage and the wvertical
stabiliser. Ewventually the slide-cut ended with the starbeard wing thrown ahead of the
fuselage placing theentire structure within a huge pocl fire. This fire was extinguished
promptly and it was found that damage to the fuselage structure was 'surprisingly slight'.
One suggested explanation at the time was that the fuselage had been covered with fuel
spray and had, in effect, been fuel cooled. This is thought to be unlikely on two
grounds. The first is that there would not have been a continuing supply of fuel spray
after the aircraft came to rest; the second is that this could not have cooled the
structure for more than a few seconds in the face of the expected radiation load. A more
likely explanation is thought to be found in & phenomencon known as radiation blocking.
Most of the combustion in a pool fire occurs within two to three metres of the periphery
of the fire where there is an adeguate supply of oxygen. If the fire is very large this
leaves a central core region where very little combustion takes place. The interface
between this region and the flame is however a zone of intense soct formation; and it is
the soot which acts as an absorption barrier to radiation from the outer burning zone.
In this particular fire great attention had been paid to spilling very large guantities

of fuel and, as has been described the aircraft structure was totally enveloped in a huge
fire within a very few seconds.

This example, again, serves to demonstrate the importance of scale. The few
kilograms of prepared fuel in the initial fireball which was ignited on the hot engine
is medest by aircraft standards. It is however a massive ignition source by laboratory
standards. It is the scale of the fireball which enabled it to vaporise and ignite the
poorly prepared anti-misting fuel from the wing tanks, and to be convected over the
fuselage to ignite the fuel in the aircraft wake.

7. CONCLUSIONS

This paper has surveyed possible mechanisms ©f fuel preparation, ignition and
subsequent flame stabilisation and propagation that could cccur in an aircraft

accident. The features that are likely to contribute the greatest risk to a major fire
are identified as follows: -

1. The potential for hot surfaces, such as engine compcnents and
aircraft brakes to vaporise and ignite large guantities of
fuel is very high. 1If even modest guantities of fuel are
ignited the capacity of the resulting primary fire to cause a
subseguent, major fire is very great.
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ii. Aerodynamic stapilisation of a [ire in the wake behind parts
of the aircraft structure or in -jets of high veleocity air
presents the greatest threat toc a moving aircraft. The
capacity of these zones to stabilize combustion 1s very
heavily dependent on their scale - the larger the structure,
the more stable the fire becomes.

iirr. Radiation from a praimary fire, such as a pool fire, has the
capacity to enhance flame stability and burning velocity.
It also has the abiliity to vaporise and ignite fuel at a
distance. The scale of the primary fire has a profound
influence on the radiation flux emitted - the larger the
fire the higher the radiative output.

Over the years, extensive research has been carried out into the mechanics and
chemistry of combustion; much of 1t at laboratory scale. It has been demonstrated that
the effects of scale are profoundly impertant to the extent and severity of aircraft
fuel fires. There are therefore geod reascns to treat the validity of many existing
data, which are the result of small scale tests, with great caution. There are alsoc
good reasons to challenge the designs of new experiments and the results from them with
the guestion "Have the effects of scale been considered?”
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US NAYY AIRCRAFT FIRE PROTECTION TECHNOLOGY
by
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¥ashington, DC, USA 20361-5300

SUMMARY

US Kavy aircraft are routinely exposed to various combat and non-combat threats that
could cause either a fire or fuel system explosion. This paper provides an overview of
the design concepts to prevent, detect and extinguish these fires and explosions.
Examples are given of actual designs and equipment iastalled on current Havy aircraft.
An assessment is in¢luded on how well these systems perform under test and operational
conditions.

SYMBOLS AND NOTATION

APU Auxiliary Power Unit

co Carbon Dioxide

FS Full Scale Production

Halon 1211 Bromodifiuorochloromethane (CCIF,Br)

Halon 1301 Bromotrifluaromethane (CFqBr)

HATOPS Naval Air Training and Operating Procedures Standardization Program
0BIGGS On Board Inert Gas Generating System

1. [INTRQDUCTIOQW

Ajrcraft fire protection 1{s composed of three basic design oprinciples; {1}
prevention, {2) detection and (3) extinguishing. These principles are applied to the
pasic ajrcraft design in the General Specification for Design and Construction of
Aircraft MHeapon Systems, S5D-24, The dircraft design contracior's engineers expand upon
These requirements to meet the overall system performance and survivability goals.
50-8706 requires an analysis of the design and documented demonstration of the
performance of the components. System performance demonstration is required on the
completed aircraft by either HWIL-D-B8708 for fixed wing airplanes or MIL-D-23222 for
helicopters.

The intert of this paper is to describe the requirements imposed on the designers of
Navy aircraft and provide an insight into how well the system design works. Just as
sD-¢4, SD-8706, MIL-D-8708 and MIL-~D-23222 requirements are tailored to provide design
parameters for an aftrcraft's specific mission, so to is the fire protection requiremeats
streamlined to meet the individuval operational, eavironmental and performance of the
aircraft.

The basfc requirement for the “Protection Against Fire" {is specified in SD-24,
paragraph 3.2.13, as “Fire protection shall be fn accordance with MIL-HDBX-221". This is
the Military Handbook titled Fire Protection Design Handbook for U.5. HNavy Aijrcraft
Powered by Turbine Engines. Other paragraphs of 5SD-Z24 cross reference complementing
requirements that provided tailored details of specific MIL-HDBK-22%1 requirements.

As part of the aircraft design preposals, vendors desigrate primary fire zones that
require isolation, detection and extinguishing. After contract award, the designers
perform a detafled analysis to determine if other fire zones exist. For the highiighted
areas, the Handbook provides basic parameters to gquide the designer 1in material
selection, equipment location and use of fire detection and protection equipment.
AMlthough MIL-HDBK-221 has not been revised since 1965, and thus does not contain the
-latest in the state-of-the-art materials and equipment, the basi¢ principles are still

valid. An effort is currently underway to revise the Handbook, to validate and update
this information.

The Handbook establishes a fire protection performance baseline that describes
specific systems, their design parameters and installation requirements. To assist in

the understanding of these systems, the Handbook wses iJllustrations to present tihe
reguirements.

2. DESIGN CONCEPTS - PREYENTIQOM
Once the preliminary design of a new aircraft places the engines, fuel system and

other flammable fluids, the the fire protection designer and/er engineer must asses and
fdentify the various fire zones. The Handbook provides the designer with the definition



of a fire zone t0 be a compartment which contains flammable fluid components with
potential leakage and ignition sources or & compartment adjacent to a fire zone that does
not have sufficient separation to minimize flame propagation.

With these guidelinpes, the designer must now jsolate the fire zone from adjacent
compartmentis with appropriate firewalls. MIL-HDBK-221 provides guidelines on material
selection, miaimum wall thickness, and even restrictions on wall perforations. In
addition, it provides requirements for (al valves to shut off the flow of flammable
fluids through a fire zone to minimize feeding a fire, (b} air duct design and
fabrication, (¢} flammable fluid line Tlocaticn and installation, and (¢) fire detection
and extinguishing. The main power plant, auxiltiary power plant, and combustion heaters
are given additional protection requirements, recognizing their inherent fire hazard.
Although the handbook's techniques are generic in nature, their applications are as valid
today as they were in 1965,

A current problem being worked relates to an existing aircraft's environmental
control systems turbine compressor unit which was not originally considered a fire
source. Accordingly, fire containment, fire detection nor fire extinguishing were
provided for this compartment. However, after many years of operation, these compressors
are failing in such a manner that a titanium fire is initiated and has resulted in the
loss of several aircraft.

An apnalysis of Fleet fires and system failures have identified a failure mode and a
means to detect an Incipient failure, The pilots have been given revised operating
instructions related to the cause and effect of a compressor failure, and the maintenance
personnel have specific inspection procederes. An interim solution has been the addition
of an dedicated temperature switch to warn the pilot of a rise ip compressor outlet
temperature. This system only warns the crew of an impending problem o be verified by
maintenance. The ultimate solution is the replacement of the existing compressor with a
newly designed air bearing unit that eliminates the the prior failure mode and returas
the compartment to a non-fire zone state.

On the Havy's newest ajrcraft, the tilt rotor ¥-22, the designers have used the fire
zone containment and threat in their design of the wing-tip nacelles (figure 11. A fire
wall, fire detection (figure 2) and extinguishing {figure 3) are provided for the lower
half of the nacelle that houses the engine, while the wupper half, which houses the
hydraulic system and generators, does not have fire detection nor extinguishing {figure
1. The engineering rationale vused to justify this design is that the cooling air
provided to the upper nacelle has such an air velocity that there is no time nor location
for a fire to dwell. Only operational experience will be able fto verify this assumption.

Figure 1 V-22 Nacelle Cross-Section

Figure 2 ¥-22 Nacelle Fire Detector Figure 3 V-22 MNacelle Fire Extinguisher
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Another innovation on the V¥-22 is the protection of engine bleed air lines. Rather
than incorporating overheat leak detection sensors, the bleed air 1ines are shrouded by a
line-within-a-1ine concept that contains any leakage. In addition, a pressure
transducers measures any pressure drop in the main Yine to warn of a failure. This
philosophy will also be subject to operational verification.

Recognizing that an aircraft will contain at least two flammable fluids, fuel and
hydraulic fluvid, MIL-HDBK-221 provides guidance on tank and fluid Yine design,
construction and location. The handbook then progresses to fluid systems, ventilation,

fueling and defueling requirements. By cross referencing component performance and/or
design specifications, the fire protection requirements are interwoven with the system
and aircraft perfermance requirements, Crashweorthiness and combat survivability

requirements for a specific aircraft are blended with existing fire protection designs to
provide a wodern aircraft with the best available technology and safety.

Here again, the V¥-22 is an example of these requirements being applied. A
crashworthy fuel system is being installed to preclude fuel spillage following a crash.
Not only are the fuel cells designed not to rupture on impact, they alsc have breakaway

disconnects that seal upon separation to prevent further spillage. For combat
protection, the lower third of specific fuel cells are self sealing bladder material used
to minimize fuel loss after ballistic penetratien. To augment this, the wing dry bays

adjacent to the fuel tanks contain one of three different fire protection systems (figure
4): (a) the area arcund the wing ribs has void filling foam, (bl the wing leading edge
area has powder filled honeycomb panels and {c) the wing trailing edge area has optically
activated fire extinguishing units., The sponson fuel tank areas wuse void filling foam.
To complete the design, the fuel cell themselves are inerting by an 0On Board inert Gas
Generating System ({0BIGGS) which provides nitrogen enriched air that prevents an
explosive over pressurization of the cell upon impact by an incindeary projectile.

Gun fire tests where rup to evaluate the merits of the various protection systems,
and as a result of the tests, changes where made from the proposed systems.
Specifically, an Aluminum Oxide powder puffers were originally proposed for the wing
trailing edge dry bay fire extinguishing, after failing te prevent a dry bay-fire, a
Halon 1301 filled tube with pyrotechnic fracturing system was supstituted and is now on
the full scale production (FSD} aircraft {(fiqure 5).
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Hot only are our newest aircraft receiving these protection techniques, existing
afrcraft are selectively being modified and updated. An example of this is the A-6
Intruder, which is being retrofitted with dry bhay fire suppressant foam and fuel tank
ullage explosion protection for combat survivability. Also improvements are being made
to material applicatiens around fire zones, the addition of a discrete fire detection
system, the modificaticen of the existing overheat detection system and the addition of
compartment fire extinguishing capability. In addition, many bhelicopters have been
retrofitted with crash worthy fuel systems to improve the crews safety subsequent to a
crash.

MIL-HD0BK-221 deals with other systems such as electrica)l, bleed air and oxygen. 1t
then goes into "hazardous systems® that are potential fire zones and explosion hazards if
not properly designed and located. Hazardous systems include high speed rotating
equipment such as starters, auxiliary power units and drive shafts. The design practice
locates these components so that in case of their disintegration a flying fragment would
not damage flammable fluid compenents, explosives or oxygen containers. The alternative
to location is protective design, such as shrouds. Other hazardous systems are high
pressure air, explosives, engine starters, guns, munitions and even landing wheel
brakes. In most of these sysiems, MIL-HDBK-22) refers tne designer to the component
design specification for fire and safety parameters,

Here again, the ¥-22 demonstrates how these concepts are applied. The center wing
gedar box contains the auxiliary power unit {APUY. A fire wail s provided around the hot
section of the APY with its own fire detection and fire extinguishing system, Other
sections of the gearbox compariment have been determined not to be a fire hazard. The



A-6 retrofit program alsc recognized the hazards of the APU, and has extended the aft
equipment bay fire detection sensors abd fire extinguishing system around the APy
compartment.

Other environmental threats, such as lighting penetration strikes into a flammable
fluid system, and the ability to tolerate static electricity are also handled by the
Handbook. Basic design concepts are suggested that would improve aircraft resistance to
these threatls. State-of-the-art fiber reinforced composite materials, used for weight
reduction, have a problem with static electricity and 1ighting strike dissipation. Asg
techniques are developed, these technological advances will be idincorporated into MIL-
HOBK-221, either by direct statements of fact or by cross vrefereacing other
specifications, 50 that they are applied to the next generation of advanced aircraft.

Material selection and design of other areas of the aircraft, such as the inhabited
compartment, and baggage and cargo area, has seer newer and different materials being
used. Their relative safety in regard to fire resistance and outgassing of noxious or
toxic fumes is not addressed in the Handbook. Like electrostatic protection this
materials related information ejther needs to be addressed directly in the Handbook or
cross referenced to ancther document,

3. DESIGN COMNCEPTS - DETECTION/EXTINGUISHING

Fire detection provisiens are an example of how 5D-24 cross references a design
requirement. As part of MIL-HOBK-221, fire detection is described and specific design
parameters are provided. However, S0-24 paragraph 3.19.4 is the contractually binding
section that stipulates the requirement for fire detection. Both requirements are
complimentary, except that the actual system used on an aircraft is identified in
paragraph 3.19.4.

The fire detector section of MIL-HDBK-221 is an example of where the latest state-
of-the-art equipment is not specifically included nor is the use of this equipment
excluded. The MIL-F-7872 wire type fire detectors cover the performance requirements for
the detection element and system, Where as the eutectic salt (discreet temperature) and
thermistor (average temperature) type detectors meet all the specification requirements,
the pneumatic (average temperature) detector does not meet the Jloop <circuit
requirement., Designs are available to back up a pneumatic system to provide coverage in
case of an in-flight element fracture; this difference must be taken into consideration
during design.

Optical sensor technrology has improved te include dual range and combination of
Ultraviolet and Infrared sensors, These reduce the potential for a sensor to give a
false indication, as well as improve the responsiveness to specific threats. None of
these improved sensors are covered by 3 specification, but their use is being encouraged
because of their improvements and resistance to false warnings.

Once the aircraft is Dbuilt, a femperature survey of the engine compartment is
required to verify the thermodynamic predictions to insure proper activation settings for
the sensors. MIL-F-7872 requires the wired sensors to be set one hundred fifty to two
hundred fifty degrees Fahrepheit (150 - 250° F), eighty-three to one hundred thirty-nine
degrees Centigrade (83 - 139% C) above maximum operating conditions. Some vendors
suggest that their elements can be set with a tighter safety margin.

The ¥-22 selected the pneumatic detector for the engfine nacelle and APU detectors,
and & dual range optical sensor for the automatic wing aft dry bay fire extinguisher.
The modificatien to the A-6 is using the existing thermistor sensor for overheat and
adding an eutectic salt system for specific fire detection in the engine nacelle and aft
equipment bay. From available data, each detection system can perform the necessary
tasks. However, the individual dinstallation can effect the systems reliability and
ultimate procurement costs. Figure 3 shows how the pneumatic detector has on overlap at
the rear fire wall to provide redupdant coverage.

Like fire detection, fire extinguishing is specified in SD0-24 paragraph 3.19.4 and
also is described in MIL-HDBK-221. The specific requirements for fire extinguishing are
established in the afrcraft detail specification with the installation complying with the
performance requirements of MIL-E-2228% and the bottles designed and tested in accordance
with MIL-C-22284, Exceptions to these requirements are given when the detail design
utiljzes overcharged bottles or different discharge tube diameters.

MIL-£-22285 requires a demonstration that the fire extinguishing system provides six
percent by volume in air or twenty-two percent by weight Halon 1301. This concentration
must be maintained throughouvt the compartment for a minimum of one-half a second. MIL-D-
B708 requires this to be demonstrated during flight. For aircraft that installatioan of
the necessary recording equipment {s not practical, the test can be performed on the
ground with sufficient cooling air provided to simulate inflight conditions.

In light of the growing problem with the atmospheric 0zone problem, and the controls
being imposed on chiorafluorocarbons, continued use of Halens s currently not 2
proeblem. The freezing of Halon production at 1986, levels by 1992, should not effect the
availbility as long as current inventories are recycled. However, {f any of the few
manufactures decide to discoentinue manufacturing Halon, even at the established rates, @
new agent will have to be found. Currently, my office is not supporting any research or



development into finding alfernative agents, but work is being done by the manufactures
and fire fighting community.

Although we may have designed and built the perfect aircraft, it still could have a

fire, The properly working detection system then notifies the pilot of the hazardous
situation. Emergency Provision to cope with the situation are outlined in the
Handbook, These procedures are then specified in the applicable Haval Air Yraining and

Operating Procedures >tandardization Program (NATOPS) manual for each air¢raft. For the
earlier mentioned environmental controls system turbine compressor prablem, NATOPS were
modified to alert the pilot to the potential for catastrophic faflure of the flight
controls as a result of the failure of the turbine and required immediate shut down of
the ECS, As corrective repairs are identified and implemented, HNATOPS are update
accordingly.

The above address:zl designing the aircraft for non-combat threats. MIL-HDBK-221
then discusses the crash and combat scenario. Here again, the basic principals are
valid, but technology has brought forth systems that provide a more efficient design.
Providing a fuel tank with explosion suppression, such as inerting, is not a new concept,
but MIL-HDBK-221 did not provide specific design guidance. The currently available
techniques such as stored liquid Nitrogen or Halon, an On Board Iaert Gas Generating
systems (OBIGGS), or explosion suppressant foam can be safely used if properly sized and
installed. Each system has it iadividual merits and problems that the designer must
weigh before selecting a system.

Hand held fire extinguishers are another example of where the Handbook data has been
outdated and aircraft have been modified with the later technology. MIL-HDBK-221
requires the use of Carbon Dioxide (CO,) units, that are no longer available nor are they
the best nor safest agent. The Navy %as chosen a two and three fourths pound {one and
one quarter kilograms) Halon 130! extinguisher, that is purchassed in accordance with
MIL-E-52031. Although the Federal Aviation Administration (FAA) has required that
commercial aviaticn use Halon 1211 hand held units, the Havy selected Halon 1301 because
a Military Specification had existed which facilitated procurement, and the higher safe
exposure limits, seven percent versus 2 percent, for a confined space. Both Halons are
better fire extinguishing agents and safer than the C0,.

The A-6 fuel tank ullage expliosion retrofit program 1s using a stored Halon system
which will require recharging the system after every combat flight. HWhile the ¥-22 and
AH-1W are wusing OBIGGS systems to provide full time fuel cell pressurization and
inerting. As long as the appropriate concentrations are maintained, either system will
protect the aircraft from fuel tank over pressurization upon impact by an incindeary
projectile.

0BIGGS currently does not have the flow rates for fighter and attack aircraft, thus
iimiting its applicatien. However, work 1is wunderway with new technoiogy permeable
membrane air séparation wodules that may provide the improvements necessary. A
technology demonstration is proposed by the Naval Weapons Center, China Lake, California,
to install & permeable membrane system on an F-18 aircraft. Flight tests to determine
ullage composition and inerting verification are a major portion of the program.

The Navy takes fire protection very seriously, and is concerned about the safety of
all 1its aircraft and crews. However, some aircraft are not amenable to all the
techniques as others. for example the vertical 1ift AV-8B Harrier, with its single
engine, has fire detection but no fire extinguishing. Essentially, to fight an engine
fire the first step is to shut down the engine and all fuel going to it. Once the one
and only engine {1s shut down, it is wute to inject a fire extinguishing agent, because
you are not golng to restart the engine. However, fuel tank ullage explosien protection
is being considered to improve combat survivability.

4. DESIGN - YERIFICATION

The Navy net only has specificatioas that guide the design of the aircraft, but
other specifications identify the necessary component and system testing required to
verify the design, Throughout the above description of the design process, there has
been reference to some of this verification.

$SD-8706 provides the contractual requirement to perform design analysis, trade
studjes and component testing. MIL-D-8708 and MIL-D-23222 are the flight test
demonstration requirements for fixed wing and rotory wing aircraft. Here the reguirement
is to show how the design works, as a system, in an aircraft.

Hopefully the aircraft has been designed properiy, and the finherent passive fire
protection will prevent a fire. As such, the integrity of fire walls are not tested, but
fluid leak paths are assessed to verify that flammable fluids are directed away from
potential ignition sources. The integrity of the fire detection system is tested and a
heat source is applied to confirm the trip settings. 1I1f possible, the fire extinguishing
system should be tested during flight to verify agent concentrations, but from practical
pPurposes, the test is performed on the ground with simulated air flow.

Systems installed for combat protection are evaluated under live fire conditions.
As a result of subscale tests designs have been changed, such as the V-22 wing aft dry
bay fire protection system changing from a powder extinguishing agent to Halen, and the
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A-6 fuselage dry bay foams were changed from reticujated polyurethane to polyimide
foam. These tests have also confirmed the design parameters, such as the duration of
protection provided by A-6 Halon fuel tank fnerting system.

5. SYSTEM APPLICATION

The Havy is designing its datest aircraft, vsing the lessons Tlearned from from
combat and routine operations, to be safer and more durable and yet not sacrifice the
aircraft's performance. The costs of replacing a crew or aircraft warrant the initial
expense of proper design.

Trade studies are still required to weight the cost versus performance benefit of
different design parameters, such as using explosion suppressant foam versus a gas
inerting system in the fuel systems. The former requires minimal maintenance and has the
ability to provide multiple hit protection but ircrease aircraft weight and reduces
usable fuel. While the Tlatter systems require periodic ({some times every flight)
ref{illing and repair of various electrical and mechanical components.

It is nat the intent of this paper te say which is the Detter choice, rather to
identify the design philosophy the Navy 1is using in building new and retrofitting
aircraft. MIL~HDBK-221 is the backbone of the design process, and hopefully it can be
maintained current to insure future aircraft need fewer design guides to find the
appropriate information.
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ATRCRAFT FIRE SAFETY IN THE CANADIAN FCORCES

By
LCol T.4. Bailey
Chief Investigator, Accident Investigation and Prevention
Directorate of Flight Safety
National Defence Headguarters
305 Rideau Street

Ottawa, Ontario, CANADA Kia OK2Z

Summaxy

Flight Safety is a prime consideration of the Canadian Forces in its approach to
air operations. The aim of the Flight Safety program is to prevent the accidental loss
of aviation resources and this is done by Investigation of occurrences, determination of
cause and implementation of preventive measures.

Alrcraft fire safety is a concern not only to save lives, but resources as well.
An overview of aiyeraft fire safety in the Canadian Forces and how fire safety is
approached for the various aircrafc types is presented. The transport, matviCime and
helicopter fleets are discussed as are procedures for rhe CF-18.

another aspect of fire safety that is briefly covered is Che crash, fire and rescue
capability (CFR) at military zirports to handle an emergency.

Introduction

Prior to discussing aircraft fire safety in the Canadian Forces, a description of
the Canadian military structure is necessary. The Royal Canadian Navy, Air Force and
Army were integrated in 1968 to become the Canadian Armed Forces. Prior to integration,
each of the services had their own integral aviation assets including aircrafr, mainte-
nance and aircrew. With unification, all aviation resources were amalgamated under the
Commander of Air Command with operational control of specific aix rescurces being given
to the land and Maritime Commanders through designated Air Groups. Although the rerms
4rmy, Navy and Air Force are being used again and there are distinctive uniforms, all
aviation resources remain under the Commander of Air Command who is responsible to the
Chief of the Defence Staff. 4As a result, the Flight Safety organization is "Air Force"
and includes the responsibility for resources working in the field with the Army as well
as off the decks of destroyers at sea.

The Canadian Forces Flight Safety system starts vight at the top with the Chief of
Defence Staff whe is responsible to the Minister of National Defence. The base statement
is that "accident prevention is the responsibility of the commander’. From this falls the
aim of the Flight Safety program: "To prevent the accidental loss of aviation resources'.

And rthis is done by investigation, determination of cause and implementation of preven-
Cive measures.

Alr Command, the largest of the Canadian Forces Commands, is composed of six
functional groups to meet Canada's defence. commitments:

a. Fighter - CF-18, CF-5;

b. Maritime CP140 (P-3 Orion)
CP121 {Tracker)

CH124 (Sea King) helicopters

C. 10 Tacrtical - providing tactical aviation supporf roc Mobile
Command (The "Army"}with

CH147 Chinooks
CH135 Twin Hueys
CH136 Kiowas

d. Air Transporc - CC137 {Boeing 707)
CC130 {Hercules)
CC109 Cosmopelitans (Convair 380}
Challengers
DASH 8s
Buffalos
Twin Orters
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e. 14 Training - CTi14 Tutor
’ CT133
CTi34 (Muskereer)

f. Alr Reserve

Aircrafrc fire safety is naturally a concern, not only to save the lives of
passengers and crew members, but also to preserve material resources to the best extent
possible. There are too few resources Uo start with, and with a constrained budget, the
Canadian Forces must do everything possible to maintain operational strength. The
concern then, regarding fire safety, encompasses not only the large transport, passenger—
carrying aircraft of transport group but also the small Kiowa helicopter.

This paper presents an overview of aircraft fire safety in the Canadian Forces.
The obvicus '"Why” has already been mentiocned and "How'' the different types of aircrafc
and operations in the Canadian Forces appreach fire safery will be looked at. What
actual experience the Canadian Forces have had in aircraft accidents and incidents
relating to fires will also be covered and there will be a brief look at crash, fire
and rescue (CFR) at Canadian Forces airports.

Transport Aircraft

Attention was focussed in recent years on several incidents involving aircraft
fires that started ionocently enough buc ended in disaster - an L1011 at Riyadh, a DC-9¢
at Cincinatti and a 737 at Manchester to mention three. These accidents provoked
world-wide discussion and activity regarding passenger cabin safety. Since Canadian
Farces transport aivcraft are designed to carry passengers as well as carge and,
similar to all commercial aircraft today, there is some compromise between safety and
efficiency, obviously the Canadian Forces have concerns regarding aircraft fire safery.
In particular, the light-weight materials used for cabin habitability have proven in the
aforementioned accidents to be most flammable and to give off lethal gases when burned.

The Canadian Military, particularly Air Transport Group, are justificably proud of
their passenger safery record. However, being not only a Government agency but military
as well, it is very conscious of liwmited budgets. However, Transport Casnada regulations
are complied with where possible. Safety modifications to aircraft are being carried out
that reflect current technology, but modification of some existing airecrafr will not
occur. Future aircraft purchases will incorporate a number of the recommended safety
medifications.

Obviously, of greatest immediate concern toc the Canadian Forces are our passenger—
carrying fleets. Compliance has been followed with the various Transport Canada Air
Navigation Orders (ANQ) as indicated: (For aircraft not mentioned, the vegulations were
not applicablel.

a. ANQ #28 Fire-Blocking Materials - Seats.

The flammability of seat upholstery, fabric covers stretched over
polyurethane foam, is often a major factor in the spread of an
internal fire. Chemical retardants applied to the fabric can
improve flame resistance but are subject to degradation from
normal use. Research has shown that a fire-blocking design,

a thin thermally stable fire-resistant material over the foam
cushions, can be very effective in delaying the spread of fire
(Figure 1) and ANO #28 calls for fire-blocking.

Upholstery

Fire-blocker

Polyurethane
Foam

Figure 1 - Fire-blocking



b.

ANQ #29

CC137 Boejing -

The ANO will be complied with, but delayed due to a decision whether
to replace seats entirely or just the cushion and seat cover. The
carget date for compliance is the summer of 1989.

CC130 Herculeg -

A requirement for five pallets of extra passenger seats, 15 triple
and 10 double, for the VIP role has been identified. They will be
done in conjunction with the CC137 program.

DASH § -
A)ll seats have been fire-blocked.
CC10% Cosmo -~

New seats that have been fire-blocked will be installed by the summer
of 1989.

Escape Path Marking. In an aircraft accident where there is a fire,
visibility is greatly reduced very quickly. Great quantities of
smoke are generated and, rising, obscure vision everywhere but near
the floor. The AND requires installation of emergency escape path
marking to enable each passenger to visually identify the emergency
escape pach along the cabin aisle floor in finding their way to exits
after leaving the cabin seat, and to enable each passenger to readily
identify each exit from the emevgency escape path by reference only
to markings and visual features not more than four feet above the
cabin floor.

Seat

Light __|
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Aircrafrc
Floor

Figure 2 - Floor Proximity Ligbhting

CC137 Boeing -

Delays were experienced while flaor track or seat mounted versiouns
were being evaluated. The decision was for a floor proximity
mounting similar co Figure 2, each unit being independent, radio-
wave activated. This type of fitment is necessitated by the
frequent changing of configuration from passenger to cargo versions.
Fleet fitment is to be completed by the fall of 1989.

CLC130 Hercules -

The VIP seating module will comply.
DASH § -

Lead-time delays on procurement of a system has delayed the program,
but an escape path marking fitment, like Figure 2, should be installed
by the summer of 198%.

CCi09 Cosmgp -

Fleet fitment of 2 floor track system as depicted in Figure 3 is to be
completed by the summer of 1989.



Figure 3 — Floor Track Lighting

c. ANO #¥30 Cabin fire protection, including labatory smoke detectors and waste
receptacle extinguishers and Cabin Halon 1211 extinguishers.
Lavatories are vulnerable to fires due to electrical failure or
disposal of smoking material, particularly since they are not under
the constant eye of the cabin crew. Transport Canada has decided
that lavatory smoke detecltors and waste receptacle extinguishers
are required as well as portable Halon 1211 extinguishers. All
Canadlan Forces transport aircraft are compliant except that the
Challenger fleet needs some re-design for the lavatory waste
receptacle extinguishers and this won't be completed until early
1990. There is currently a study under way to determine whether
the sensitivity of the installed smoke detectors can be increased;
also, other types of very sensitive detectors are being counsidered.

d. Air Directive on lavatory flush moter circuit breaker protection.

This relates directly to the electrical vulnerability of the lavatories.

The Challenger is the only ajrcraft not presently compliant but fleet fitment

should be completed by the middle of 198%9.
Other avenues leading to greafer cabin protection are being investigated, such as a
cabin spray system, currently being looked at by British CAA and the American FaAA. This
system promises more time and bettetr conditions to evacuate from a burning aircrafc by
spraying a mist of water throughout the cabin. This effectively washes out smoke and
toxic EFumes, takes out heat and vreduces fire propagation. Smoke hoods, too, have been
tested by the Canadian Defence and Civil Institute of Aviation Medicine. The question
of smoke hoods, though, for use in aircraft is more complicated than first thoughts
would indicate. Some corporate flight operators already provide them for crew members
but aviation experts remain divided over whether their deficiencies and the possible
added confusion of donning them would delay passengers and counter their usefulness.
0f the three basic types available - filter, breathable gas or cartridge and simple bag -
each has advantages and disadvantages and there is contyoversy in the aviation community
over what is best. However, the Directorate of Flight Safery is monitoring the smcke
hood sub ject.

Not to be overlooked in this issue of improving aircraft fire safety, is the
training and performance of the cabin crews. After all, they are the ones that must
implement emergency procedures and direct/fassist the passengers. The Canadian Forces
Flight Attendants are thoroughly trained in safe housekeeping practices, and how to be
continually alert for unsafe passenger actions and to be ready for immediate action.
To counter situations involving potential fire, they undergo regular check rides and
yearly hands-on, practical simulator Ctraining.

Although monitoring of the cabin area is made easier by the “"No Smoking' policy
on all Camnadian military aircraft, particular attention iLs paid to lavatories and
trash receptacles to ensure no smoke is present. The Flight Attendants are continually
on guard for unusual, burning or electrical odours as well. Basic fire prevention is
something that is trained for and practised as a metter of routine.

Topical avticles in Flight Comment, our Canadian Forces Flight Safety magazine,
are published regularly to heighten awareness of all in helping deteccion/control and

protection/survivability. It is recognized that passengers, Coo, can contribute greatly
to a safe flighc.




Fire Safety on Other Aircraft

The preceding paragraphs ocutlined measures follovwed for the transport, passenger-
carrying aivcraft. There arve other aircraft, like the CP140 Aurora (P3 Orion), that
carty personnel as well. However, being milicary, internal fitments and materials for
these operaticnal aircrafc do not have Co meet the civil regulatory reguirements, but
since items are generally similar to commercial ones, they usvally meer the requirements
in effect at the time of contracr.

Canadian Forces helicopters also have a weasure of fire safety in that they 51l
have "crash-worchy' fuel cells. The CH135 Twin Huey and CH136 Kiowa also have frangible
fuel lines and fittings.

Even che front line fighter, the CF-18, has a measure of fire safety protection to
minimize airframe and engine damage resulting from a fire. Cases of burnthrough of the
engine and burnthrough penetration of the aircraft heat shield have been experienced.
This has caused a fuel or hydraulic fluid fire and damage to aircraft flight contreol
components, and has resulted in the loss of an aivcraft. The burnthrough resulted from
a titanium fire caused by high energy friction rub ¢of titanium blades on the titanium
case. The molten and burning titanium particles impinged and penetrated the aircraft
engine heat shield. If fuel lines are broken as a resulc of the heat source, a secondary
fuel fire results which continues until the fuel is shut off.

To counter this type of emergency, pilot procedures regarding engine shut down and
fuel shut off weve vevised. As well, investigation revealed that the existing alrcraft
heat shield in the affected area had to be improved. The manufacturer conducted a series
of tests and evaluations to determine how best to contain a Titanium fire, and it was
determined from test results that a material called Vicon was suitable. (Viton is a
proprietary mix defined by a General Electric specification and manufactured by Eagle
Flastomers, Stowe, Ohio.) The Canadian Forces adopted the Viton sclution proposed by GE
of coating the outer ducts. This, and the revised shut-down procedures, have been
effective in saving several aircraft.

Actual Experiences

As to Canadian Forces experience in protection from aircraft fires, there have been
several occurrences. A waste receptacle fire on the Boeing caused by a cigarette was
readily detected and extinguished. There contCinues to be an average of one incident a
month where the lavatory automatic smoke alarms detect a passenger Crying to sneak a smoke.

Two recent helicopter accidents have proven the efficacy of the crash-worcthy fuel
cells. They were undamaged even though the aircrafc were totally destroyed. As well,
as just menticned, the efficacy of the Viton coating has been demonstrated.

Crash, Five and Rescue Capability (CFR)

Another aspect of aircraft fire safety in the Canadian Forces is the crash, fire
and rescue capability at military airports to handle a declared emergency or crash.
Currently, the capabilities of the military airports are under review Co ensure that
they are able rto handie the potential problems of their regular traffic. A preoject is
underway to provide an vpgrade from Category 6 to 7 where necessary by purchasing lacger
capacity Crash/Fire/Rescue trucks, because it is no good being able to handle the
emergency in the air and not being able to cope on the ground. Canadian Forces Bases
at Shearwater, Greeuwood, Edmonton, Comox and Lahr will be upgraded.

Conclusion

In conclusion, then, the Canadian Forces is wvery cognizant of aircraft fire safety
in its broadest terms. HNot only large passenger-carrying transport aircraft are
considered, but measures are implemented for single-seat fighters and small helicopters.
The Directorate of Flight Safety and the Aercspace Engineering and Maintenance personnel
at National Defence Headquarters act as a focal point for the coordination of work on
airvcraft fire safety. Canada incorporates, where appropriate, the lessons learned from
civil and milictary aviation occurrvences, nol only in current aircraft, but also in
future buys. The Canadian Forces is justifiably proud of its passenger-carrying safety
record and its steps to ensure the fire safety of all of its aircraft. However, budgets
do constrain what can be done, may be more so than a commercial operation. The disastcers
of Cincinatti, Riyadh, and Manchester have forced Governmental regulatory agencies to
take positive steps to counter petential safety hazards. The military wants to be just
as safe, but the economics are different, and thus, it might take a little longer to
adopt new safety measures. But the Canadian Forces can and does compensate for various
constraints by more intensive training and dedicated personnel. The awareness factor
of all Canadian Forces personnel who are involved in air operations is raised by a
positive and active Flight Safety Program.




FIRE HARDENING OF AIRCRAFT THROUGH UPGRADES
OF MATERIALS AND DESIGNS

J. M. Peterson, J. C. McMillan, and J. T. Likes
Boeing Commercial Airplanes
P. O. Box 3707
Seattle, Washington 98124
USa

SUMMARY

Commercial air transportation is the safest mode of transport, because
the industry and its regulators have emphasized accident avoidance along
with backup fire management/contrel and personnel evacuation strategies
when accidents do cccur. Regulatory authorities set the minimum safety
standards for the design, manufacture, and operation of aircraft, to
which the individual manufacturers and operators add their own
unilateral, self-imposed safety criteria. The evolution and status of
the FAA regulatory fire safety criteria applicable to aircraft
manufacturers, and the additional criteria imposed by the manufacturers
on themselves such as D6-51377 for Boeing and ATS 1000.001 for AIRBUS
Industrie, are discussed.

IRTRODUCTION

0f paramount concern to an airplane manufacturer is to design the highest level of
safety into his airplanes. The basic airplane design must assure that minimum
mandatory standards set by regulatory authorities are satisfied. However, since
regulatory requirements must by their nature represent a minimum level of safety,
all manvfacturers always include in airplane designs unilateral supplementary
safety criteria that go beyond the regulatory minima, These complementary sets of
design criteria assure the ultimate customers for the product -- the passengers
who fly on the airplanes -- that the airplane design represents the highest
achievements in safety.

The airlines must also assure that its operations are safe, and that the high
safety level which is designed and built into the airplanes by the manufacturers
are reinforced by systematic operating and maintenance procedures.

The regulatory authorities have the responsibility of assuring that the mandated
minimum safety requirements are met not only by each certified airplane design,

but also by each manufactured airplane. The authorities also moniter the opera-
tion of the airlines to assure that mandated airline operating standards are met.

The sum total of these efforts by the airplane manufacturers, the operating
airlines, and the regulatory authorities is that commercial air travel has become
by any reasonable measure far safer than any other transportation mede in history.

Notwithstanding this excellent safety record, neither the manufacturers, airlines,
nor the regulators can say that no further attention need be directed toward
improving safety. Such an attitude would probably lead to complacency, and would
actually lower safety standards. We must always strive to improve safety.

FIRE SAYETY

Fire safety is one of the principal areas which have received much attention. The
regulatory authorities are very sensitive to fire safety issues and always upgrade
the regulations to the state-of-the-art. The manufacturers recognize the immense
benefits of selecting firewcrthy materials and designs, and have always placed a
great deal) of emphasis on their own fire safety design criteria that go beyond
tegqulatory requirements. The reduction ©of risk due to fire has therefore played a
very large role in the design and operation of commercial transport airplanes.

Postcrash Fires

Fire on an airplane is an extremely serious thing, particularly if it occurs
during a take-off or landing accident in which jet fuel gets involved in the fire.

Fuel has to be flammable so the engines can use it, and a great deal of fuel is
required for the operation of the airplane. For example, there are more than 100
gallons, or 800 pounds, of fuel carried at take-off by a long-haul airplane for
each availahle passenger seat. The amount of heat that can be generated by
burning the fuel available at take-coff is about one hundred times as much as the
heat that could be generated by burning all the interior furnishings plus the



passengers' carry-ons and clothing. The tempeératures created by a fuel fire are
on the order of 1000¢C, and the aluminum used for the airplane structure melts
about 35%0C below that. . Less than five percent of the fuel available on take-off
can produce enough heat to melt all the aluminum used in the airplane’s structure.

The important conclusion that this sobering comparison reveals is that the biggest
payoff in airplane fice safety is to AVOID ACCIDENTS. Crew training, airplane
maintenance, and airport facilities all play a part in avoiding accidents.

In-flight and Ramp Fires

There have been fires in the past that have occurred in situations other than
landing or take-off accidents. In-flight fires have been infrequent, and very
rarely bhave been serious.

Fires have alsc occurred in airplanes while parked at the ramp overnight or during
maintenance operations. While such "ramp fires” have not put any passengers or
crew at risk, they have caused hull losses, with the resultant ecenomic impact. A
manufacturer's selection of appropriate fireworthy designs and materials can
minimize the number and severity of these fires.

IRNCLUSIVE REQUIREMENTS FOR AIRPLANE DESIGNH

Airplane manufacturers are required to build airplanes that meet the regulatory
mandates set by government authorities. 1In addition to regulatory reguirements,
all manufacturers impose upon themselves their own safety criteria which go beyond
the regulations. The design must satisfy this combination of regulatory and self-
imposed, unilateral safety reguirements.

There are two types of fire safety criteria: those that apply to systems (e.g..
the requirements for fire extinguishers, fire stops, etc.}, and those that apply
to the selection of materials. It is important to recognize that material selec-
tion criteria -- regulatory and unilateral -- really apply to the performance of
PARTS, which are freguently made up of several materials. How a part is
constructed and processed depends on the materials it is made of; when materials
change, the construction and processing of parts have to ¢hange also.

There are other things which design requirements must address that are not
included in the manifeold of regulatory ang uwnilateral safety requirements. For
example, the manufacturer must be able to make cost-effective, reproducible parts
of some complexity that satisfy strength and weight criteria. The airlines
require that cabin interiors be customizable to have the "right look" and be
cleanable, durable, maintainable, and repairable.

Regulatory Requirements

In the United States, the Federal Aviation Regqulations [FARs) govern the
certification and operation of aircraft. For the certification of new designs of
passenger airplanes, the applicable regulations are in FAR PART 25, “"Airworthiness
Standards: Transport Category Airplanes”™. The operation of airplanes by airlines
is covered in FAR PART 121, "Certification and Operations: Domestic, Flag, and
Supplemental Air Carriers, and Commercial Operators of Large Aircraft”.

Bistorically, the regulations have been upgraded based on research and development
both industry and the FAA. This combined research and development effort is
beneficial because new technology needs to he built up on a solid foundation so
that both its benefits and drawbacks are understood. In other words, it needs to
be evolutionary rather than revolutionary.

The heat release rule for interior cabin liners was however developed a little bit
differently. When the rule was first proposed, the intent was to proceed this
way. But as time went on the driving forces became more and more non-technical.
The final rule requires that new technology be developed and implemented on a
fixed schedule. This has resulted in a considerable amount of chaos for both the
industry and the regulatory authorities. Many problems have arisen which provide
a considerable challenge to the manufacturers’ commitments to meet the mandated
implementation dates on schedule.

3J.1.1 FAR PART 25: Certification of New Design

The first regulatory fire performance reguirements covering the certification of
transpert category aircraft in the United States was Civil Air Regulation 4b (CAR
4bh), which was issved by the Civil Aeronautics Agency (CAA) inm 1945. CAR 4b
reguired that cabin parts be subjected to a horizontal Bunsen burner test proce-
dure; there were no vertical Bunsen burner tests required for certification at
that time. The first jet transports (707, DC-8, 727, and DC-9) were certified to
CaR 4b.



In 1965 the Department of Transportation (DOT) was created, and the CAAR was
recrganized and made a part of the DOT as the TFederal Aviation Administration
{FaA) . Simultaneously, the existing CARs were reissued without change as FAR
PARTs. CAR 4b became FAR PART 25.

Subseguent amendments to FAR PART 25 have been issued that have imposed more ang
more stringent flammability reqguirements on interior cabin furnishings. Of
particular note are:

Amendment Issue
Number Date Added Reguirement
25-15 1957 12 sec vertical Bunsen burner test
25-32 1972 60 sec vertical Bunsgen burner test
25-59 1984 Seat cushion fire blocking
25~61 1986 Ohio State Univ. heat release test
25-566 1988 NBS smoke release test

3.1.2 PAR PART 121: Certification of Existing Dedigns

New airplanes manufactucred to existing, certified designs must only meet the
sections of FAR 25 that were in effect when the original design was certified.

For example, all curtent ajircraft designs were certificated prior to inclusion of
the new heat release rule into FAR PART 25 and are not reguired to meet the rule's
limits. However, FAR PART 12) covers cequirements airplanes must meet before the
airlines can operate the airplanes in passenger service. By changing FAR PART
121, the FAA can require that all airplanes operated by the airlines be modified
to meet a new reguirement. The FAA changed PART 121 to require that all aicplanes
delivered after August 20, 1988 meet the heat release rule, regardless of their
certification basis, before they could be used to carry passengers.

Since the FAA will not allow airlines to use an airplane that does not comply with
FAR 121, Boeing, Douglas, and AIRBUS must incorpeorate new FAR PART 121
requicements into their production airplanes before the airlines will buy them.
Although FAR PART 121 is not applicable to the manufacturer of airplanes, the
burden of modifying new airplanes alwost always falls on the airframe
manufacturer.

FAR PART 121 amendments are issued and treated the same way as FAR 25 amendments.
Subsequent amendments to FAR PART 121 that are of particular note for cabin
interiors are:

Amendment Issue
ttumber Date Added Requirement
121-184 1487 Seat cushion fire blocking
121-18% 1988 Ohio State Univ. heat release test
121-198 1999 NBS smoke release test

Unilateral Requirements

The criteria imposed by a manufacturer are often as important to the design
criteria for an airplane as the regulatory requirements. &An example ¢f this is
what was done for the 727, 737, 747, 757, and 767 programs at Boeiny. Another
example is the set of ATS 1000.00l requirements imposed by AIRBUS Industrie on the
A300-600, 1310, A320, A330, and A340 programs.

3.2.1 Criteria Used for the 727 and 737 Programs

Regearch done at Boeing in the early 1960s showed that a mere stringent, and
preferred, flammability test involved positioning the test specimens wvertically
instead of horizontally. 1In 1961, Boeing adopted an internal reguirement that
pacrts used for c¢ommercial trapsports had to meet both the horizontal test reguired
by the FAA and an additional vertical flammability test. The 727 and 737 were
developed according to this reguirement.

In 1966, the FAA released a Notice of Proposed Rule Making (NPRM) to incorporate a
vertical flammability test in the regulations, and issued a new rule {FAR PART 25
Amendment 15) doing so in 1967.

3.2.2 <Criteria Used for the 747 Program

The AIA (principally Boeing, Douglas, and Lockheed) carried out a Crashworthiness
Program in 1967 and 1968. This program included large scale fire tests and the
evaluation of laboratory scale test procedures involving flammability, smoke
emission, flame spread rate, atc., a2nd resulted {n a set of recommendations to the
FAd for future rulemaking that involved a more stringent vertical Bunsen burner
flammability test.



In the development of the 747 program, potential improvements that had been
identified in the AIA Crashworthiness Program were taken inte account. The
upgraded Bunsen burner tests that had been recommended by the AIA to the FAA for
future rulemaking were required, and were in fact imposed by the FAA as Special
Conditions for 747 certification in 1969.

Other criteria inveolving flame spread, heat release, and smoke emission were
adopted, all of which exceeded the applicable regulations. Test procedures
included the ASTM EB4 Steiner Tunnel procedure, and the ASTM E162 Radiant Panel
procedure. Acceptance criteria appropriate to the material application (sidewall
panels, ceiling pdnels, etc.) were established.

3.2.3 Criteria Used for the 757 and 767 Programs

In the early 1970s, the FAA initiated rulemaking activities involving smoke and
toxic gas emissions of interior parts. ANPRM 74-38 addressing toxic gas emissions
and HPRM 75-3 addressing snoke emissions were issued. 1In addition, NPEM 75-31
proposed to amend FAR 121 to reguire all new production aircraft to meet the
upgraded flammability tests introduced in FAR 25 Amendment 25-32 (1%72), and
required prior to that for the 747 as special conditions.

Although the FPAA subsequently withdrew these proposals in 1978 in favor of a more
systematic approach to upgrading the regulations {the SAFER committee was set up
to recommend how to do this), industry could not afford to wait to set unilateral
criteria addressing smoke, toxicity, and upgraded flammability.

Accordingly, in early 19%7 Boeing established supplementary unilateral guidelines
covering flammability, and the emission of smoke and toxic gases. These guide-
lines were used for the selection of parts in the 767 and 757 programs, which were
carried out more or less simultaneously.

The guidelines for swmoke emission was Ds 50 (specific optical density 50},
as measured in the NBS smoke chamber. This number was selected because we thought
it was probably possible, and in fact was fairly low, relative to some parts that
had been used.

The guideline for flame travel rate was Is 25 (flame spread index 23} as
determined by the radiant panel test in ASTM E162. This number was also selected
for basically the same reasons.

The guideline for toxic gas emission was alsoc based on the NBS smoke chamber. we
knew it would be better to run bioassay (i.e., animal) tests, but the number that
would have been required was hopelessly larger than anything practical. We
selected the six gases shown, and set the limits to be roughly what the available
literature led us to believe was approximately half the level of a S-minute
incapacitating dose.

These criteria were intended to provide guidance for material suppliers in their
development of new materials for parts. The criteria were technology drivers,
hecause meore materials than were then available were certainly needed.

The results of the suppliers' efforts were gratifying. While the guidelines were
not met in all cases, better materials became available for making parts. A lot
of progress was made.

3.2.4 D6-51377B Used feor the 747-400

In January, 1984, Boeing issued a document -- D6§-51377, "Aircraft Fireworthiness
Interior Design Criteria" -- which comprised a comprehensive set of interior fire-
worthiness criteria to be applied to a new design and to guide modifications of
curtent production ajccraft. These criteria combined the existing FAR regulations
with supplementary Boeing criteria.

The guidelines establshed in 1977 for the 757 and 767 were included in D6-51377.

In addition, D6-51377 contains unilateral requirements beyond the regulatory
mandates for:

o additional provisions for fire containment in cargo compartments

o fire barriers to inhibit fire from entering the passenger cabin for
scenarios involving post-crash fuel-fed exterior fires,

o fire barriers/baffles to inhibit the fire spread for scenarios invelving
interior fires,

o shielding of possible ignition sources such as light ballasts from
potential combustibles,

o protection of electrical systems.

An updated version {Revision B) of this document was issued in 1986 and used for
the redesign of the 747 cabin for the 747-400. The major difference betweoen these




versions is the replacement of the initial smoke emission guidelines by a set of
component-to-component requirements.

3.2.5 AIRBUS ATS 1000.001

AIRBUS Industrie set up a set of criteria similar to the Boeing guidelines in

ATS 1000.001, which was released in January., 1979. It did not, however, contain a
Flame Spread Index criterion. Also, in addition to the unilateral criteria, ATS
1000.001 included a more detailed description of the mandatory Bunsen burner tests
in the regulations.

Whereas the Boeing guidelines had set a goal of Ds 50 for smoke emission for
any and all compenents, the ATS 1000.001 instead adopted the same component-to-

component regquirements proposed by the FAR in WPRM 75-3, which were usually
higher.

The limits for toxic gas emission in ATS 1000.001 were for all practical purposes
the same as for the Boeing guidelines.

31.2.6 Douglas Aircraft Company Criteria

The Douglas Alrcraft Company imposed smoke emission and toxic gas emission
criteria that varied depending on the application of materials. The Douglas
criteria, as with ATS 1000.001, do not include Flame Spread Index.

CORRENT AND FUTURE NEEDS

The new heat release (FAR 25-66 and FAR 121-198) rule is forcing a large number of
changes to be made in cabin interiors in a very short period of time. These
changes are not yet complete. There are still a lot of problems and non-optimum
sglutions.

Thermosets

Historically, thermoset resins - particularly epoxy - became commercially
available in the 1%960s and, reinforced with fiberglass, were quickly adopted for
use because of their weight-saving potential. <Class dividers were one of the
first components to be constructed of these materials. The sidewall and ceiling
panels on the 747 were a sandwich panel construction consisting of fiberglass-
reinforced epoxy faces on Nomex honeycomb core, and weighed about half as much as
their predecessors on the 707, 727, and 737, which were fabricated of formed
aluminum,

At present phenolics are being used extensively because they have low heat-release

and smoke-release characteristics. They do have, however, certain drawbacks, suc¢h
as:

o low peel strength
o bieed-through of brownish stains te decorative surfaces
I} sensitivity of preduction workers to some formulations.

The low peel strengths have forced the use of bonding-enhancers to be added to the
base phenolic chemistry. These bonding aids cause an increased heat release and
smoke release, both of which are undesirable.

Bleed-through of brownish stains t¢ decorative surfaces have caused production
difficulties. The problem is that the bleed-through is not uniform; if it were it
would be easier to handle. It causes blotches. -

Most phenolic formulations have been used successfully in production with no
reported problems. However, there have been reports of adverse physical reactions
of some prodection workers €0 certain "specialized” phenolic formulations. This
has forced the removal of some of these specialized formulations from production
usage.

Thermoplastics

Thermoplastics have been used since the 1%960s. Polyvinyl chloride was one of the
early thermoplastics, although its use has been essentially discontinued because
of its relatively low thermal stability and high smoke emission. Polycarbonate
has found a lot of utility in thermally formed and injection nolded parts but is

now less widely used also because of low thermal stability and high smoke
emission.

Materials manufacturers are working to develop replacement thermoplastics for
thermal forming and injection molding that satisfy the new heat release criteria.
Encouraging progress has been made, but frustrating problems such as consistency
of preoduction material remain.
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In the early 1970s for the DC-10 and L-1011 programs, some of the cabipn liner
panels were multiply contoured, which required the development and use of a pre-
decorated flexible thermoplastic "embossing resin” that could be stretched over
the contours of the panel, and then bonded. This technigue was further developed
for the 757 and 767 programs, using embossing resins that had very good flamm-
ability and smoke emission properties. The A3)l0 also used such techniques.

The embossing resins that had been used on these panels showed heat release values
that were very close to the new heat release rule limits, and therefore had to be
changed. The various materials suppliers have developed low heat release replace-
ment materials, but these invariably have smoke emissions that are two to three
times that of their predecessors!! Although these materials meet the new
regulatory smoke reguirements in the final version of the heat release rule

{Ds 200), materials that do not represent higher smoke emissions than those
formerly used are needed.

Textile Fibers

Textiles have been used for seat upholstery, drapery, decorative murcals, and
decorative abragsion resistant coverings Efor cabin sidewalls and partitions near
the floor level. Traditiconally wool and specialized polyesters have been the
materials of choice for textile applications. These fibers are available in an
unlimited palette of colors, are durable, and lightfast.

Seat upholstery and drapery are not affected by the new heat release rules.
Decorative murals and decorative abrasion resistant coverings for cabin liners and
partitions must comply with these reguirements. Textile constructions that have
been used in the past in these applications do not meet the new reguirements.

The textile industry has made progress by using more heat-resistant synthetics.
There is still a long way to go, however, and some special talent needs to be
applied in this area.

CONCLUSIONS

The design of an airplane involves criteria that encompass regulatory reguire-
ments, manufacturer requirements, and passenger requirements. BAll these criteria
are important and must be taken ipto consideration simultaneocusly.

In the development of new technology to improve safety, it is crucial that
everyone invelved work together. This includes manufacturers, materials
suppliers, airlines, regulators, governmental oversight committees, associations
representing affected parties such as passengers, pilots and flight attendants.
Only in this way can the optimum progress be made.
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FIRE RESISTANCE AND BREAKDOWN OF COMPOSITE MATERIALS

K. W. SMITH - Royal Air Force College
Cranwell, Lincolnshire, U.K.

I am Lecturer in Aerodynamics and Aircraft Design at the Royal Air Force College,
Cranwell, Some of my knowledge of wmodern materials is the result of holding this post;
however, my activities in this field are conducted independently. The views I put forward

are my own and do not necessarily reflect those of the Royal Air Force or U.K. Ministry
of Defence.

Before joining the staff at Cranwell I had some 30 years experience in industry - with
responsibilities in environmental, life support and emergency systems. I also worked in
cabin furnishings and became familiar with materials used.

INTRODUCTION

For some years I have been working privately on aspects of Cabin Fire Safety and
Passenger Protective Breathing Equipment, latterly with some financial assistance from
the Department of Trade and Industry.

When seeking heat resistant materials it became clear that some did not conform to the
new test procedures for cabin interiors effective Bugust 1988 - yet they remain allowable
for structural purposes.

The first stage in materials selecticn is the rejection of unsuitable ones.

COMPOSITE MATERIALS

In this context I am primarily concerned with non-metallic composites which are finding
increasing use in furnishings and structures. All consist of fibrous elewments to carry
tensile loads embedded in scolidified resins which resist compression.

Fibres tend to be Glass, Carbon, Boron or Aramid while Resins are Polyester, Epoxy or
Phenolic, with developments in Polyimide, Bismaleimides and Polybenzimidazoles. Those
used currently in aircraft structures are almost exclusively Carbon and Aramid in Epoxy

resins; for furnishings, Glass or Aramid fibres and Phenolic resins only are now
acceptable.

VIRTUES

The selection of these depends on their mechanical properties and cost benefits. (Higher
material costs are more than offset by reduced labour costs in final assembly.)

The strength-to-weight ratioc of Carbon/Epoxy is generally considered to reduce weight by
at least 10% when compared with metal structures, and up to 25% if re-sizing of an
aircraft is admissible.

Many fasteners are eliminated by wet lay-up of skin and stringer combinations, so
improving exterior surface finish. This form of construction is also less subject to
leaks when used for integral fuel tanks and pressure c¢abins.

Onlike metals, the tensile fatigue properties of carbon fibres seem almost unlimited, the
compression fatigue of the resin matrix is believed to be the c¢ritical feature.

Epoxy resins are, to date, the only matrix compounds which have demonstrated repeatable
mechanical strength. They do not possess fire resistant characteristics adequate for
furnishings. Phenolics do, but manufacturing is more difficult while the finished product
is subject to wide variations of integrity due to gaseous voids etc.

Polyester resins have not found favour in commercial aircraft.

All of these resins solidify by non-reversible chemical reactions, some at room

. temperature but more usually auvtoclaved at elevated temperatures. These are thermosets.

FUTURE TREKNDS

Polyimides and Bismaleimides do not yet have the proven background needed for significant
use in aircraft structures; nevertheless they are considered “"promising®" for
non-structural applications.

Thermoplastics such as Polycarbonate, Polyethersulphone (PES) and Polyether-ether-ketone
(PEEK) are already used with short fibre strand re-inforcing and it may be anticipated
that, with time, long strand capability will be more fully developed.

PHILOSOPHY

In the light of the above knowledge, particularly awareness that carbon-epoxy and
dramid-epoxy combinations are these whose established mechanical properties led to their
selection for structural use, and that both epoxy and aramids have been rejected for
furnishing purposes, it was decided to examine more closely the properties of these and
O9ther composites. Also, to determine whether appropriate specifications could be devised.



PRELIMINARY EVALUATIONS

As an engineer with limited chemical expertise first considerations were gualitative
rather than quantitative. These consisted of exposvures to heat and flame:-

{i) 100°C continuous
(i1} 200°C 15 minutes
(i315) 1000°C nominal 5 seconds, transient flame.

These are based on CAA Specification No. 20 for Breathing Apparatus, which has BS5SI and
FAXL equivalents.

FINDINGS

Carbon Fibre Composite

although no visible detericration was found at 100 C it is known that UTS at this
temperature is only about 20% of its 20°C value.

Aramids (Polvyamide)

Mot tested independéntly since they reguire a resin matrix exactly as CFC. It is known,
however, that they are no longer considered suitable for furnishings regardless of the
matrix used.

Polyimides

Pass 100°C and 200°C. Performance (in film state) at 1000°C Jepends on thickness and
manufacturer. One product was penetrated immediately, material directly in the flane
vaporised with char around. Two grades from another source were tested; one behaved as

above for all thicknesses available, the other showed only slight g@distortion without
penetration provided adequate thickness was used; 40 micrometres sufficed.

Polycarbonate
Softened to a thermoformable state at 200°C, vaporised at 1000°C.

Polyethersulphone

Satisfactory at 200°C, distorted and embrittled at 1000°C.

Polvether-ether-ketone

Mot tested, but known properties are:
Glass transition temperature 143°C
Melting point 332°C
Considered structurally satisfactory to 100°C

FURTHER TESTS

Epoxy Resins

Additional testing of carbon-epoxy laminates has been undertaken. Hot air at 350°C was
directed onte a cured panel and it was found that the resin initially disbonded, then
broke down. Gaseous products are produced.

Phenolic Resins

Phenolics exhibit superior resistance to heat: nevertheless they char readily to produce
a surface layer of porous carbon. The carbon then slowly burns away, protecting inner
layers by ablation.

TEST REQUIREMENTS - CURRENT

There are at present no specific burn tests reguired to be performed on structural
materials; provided that they meet strength needs throughout the normal operating
environments of BCARs/FARs/JARs etc. they are accepted.

In the writer’s view a suitable test schedule can be c¢reated by combining details from a
group of existing specifications relating to fire resistance.

In essence, materials used for cabin furnishings must be self-extinguishing and lose not
more than a specific proportion of their weight when exposed to radiant heat for a finite
time, (CAA and FAA). Airbus Industrie has maximum allowable emissions of specific toxins
under essentially similar conditions.

For certain non-aircraft products emissions are alsoc controlled, there being two methods
of conducting the tests:

{i}) exposed to gas flame in a chamber from which samples are extracted after the flame
15 extinguished {BSI, Airbus et alia}




29-3

{ii) electrically heated sampie in a crucible enclosed within a tube through which air is
passed. Samples taken at exit. {German DIN method)

TEST _REQUIREMENTS - PROPOSALS

Objectives - Minimum standards for Passenger Compartments.

1. To establish that, if flammable, materials do not contribute significantly to the
fire hazard.

2. In the combustion process toxic gases should not be emitted, If they are, then the
types and guantities should be identified. (Failure to acknowledge this

consideration justifies provision of breathing equipment for all occupants.)

3. Structures should affeord a measure of fire containment or exclusion. For example an
integral domestic garage must, in UK, be separated from residential accommedation by
doors, walls, ceilings having minimum 1 hour fire check capability. {In the
Manchester Boeing 737 accident, external fire penetrated the fuselage in a matter of
minutes. )

4. An agreed wmimirum residual static strength to remain after a timed exposure to
radiant heat.

TESTS

All materials considered for use in fhe construction of Passenger Compartments should
demonstrate adeguate compliance with the above obljectives.

1. Using an agreed test procedure ({(either the DIN or similar smoke chamber method)
conduct sampling tests on emissions. The chemical composition of the material will
indicate what harmful gases may be anticipated.

2. The sample to be weighed before and after the above test and percentage weight loss
determined to demonstrate compliance with an agreed standard,

3. Heat transfer/fire check capability to be proven. Sample subjected to radiant heat
exposure at an agreed intensity, inner surface temperature not to exceed (say) 200°C
or be breached in less than 1D minutes.

4, At the end of 10 minutes exposure to the above radiant heat intensity the structure
should be able to stand intact at rest, on the ground.

These suggestions are made in the light of past accident experience. Two aircraft are
currently flying with composite~built pressured cabins - the AVBB/Harrier II and Beech
Starship. Neither is intended for carriage of fare-paying passengers but their experience
in service will doubtless be used toe justify use of these same materials in future
airliners.

The benefits offered by CFC and other composites justify their use. Other materials have
been used for other applications and have subseguently beéen banned when their dangers
became established. Aviation has led many technological advances in the past; let us
ensure that it continues to make progress safely.
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SUMMARY

The improvement of the safety of products is continuously under review by
aircraft manufacturers. One of the most Iimportant fields of safety for passengers
and crew members relates to improvements in connection with fires inside and outside
the cabin. Naturally, several paths have to be followed simultanecusly to achieve
the best possible effect. First and foremost there 1is obviously the endeavour to
avold such accidents fraom the start. The training of the crew, design o©f the
aircraft and maintenance, alrport safety facilities and - last not least - the
introduction of improved materials are of vital importance to reduce the danger of

accidents with fires.

This presentaticn deals with the important aspect of material development and

structural design for the interior- furnishings and equipment of aircraft.

REGULATIONS AND REQUIREMENTS

Fak Regulations

The Federal Air Regulations (FAR's) define the certificaticn and operation
regulatioens.

FAR Part 25 "Alrworthiness Standards: Transport Category Airplanes" applies for
the certification of new passenger aircraft. The operation of aircraft by airlines
is covered by TFAR Part 121 "Certification and Operations: Domestic, Flag and
Supplemental Ailr Carriers, and Commercial Operators of Large Aircraft”.

In 1966 the FAA published its first "Notice of Proposed Rule Making" (HPRM) for
the introduction of & vertigal flammability test. The new rule (FPAR Pari 2%,
amendment 15%) was published in 1967. Further amendments affecting the cabin and
cargo cempartments followed later.



Issye date Amendment Requirement

1967 25 - 15 12 sec wvertical Bunsen burner test

1972 25 - 32 60 sec vertical Bunsen burner test

1584 25 - 59 Seat cushion fire bleocking test

1986 25 - 61 Ohio State University heat release test
1986 25 - 60 Cargo liper fire containment test

1988 25 -~ 66 NBS smoke release test

Similarly, the FAaA published the FAR Part 121 Amendments concerning aircraft being
manufactured.

Date of validity Amendment Requirements

1986 121 -~ 189 Chic State University heat release test
1987 121 - 184 Seat cushion fire blocking test

1990 12] - 198 NBS smoke release test

Mamafacturer Requirements

In 1979 an additional requirement for materials and parts of the interior and
equipment, the sco-called ATS 1000.001 was introduced by Airbus Industrie/MBB.

This requirement which became mandatory for all Airbus aircraft limited the
emission of smoke and toxic gases for all non-metallic materials wused in the
pressurized fuselage in addition to the FAR 25 - 32 flammability requirement valid
at the time.

Six gases were named which are known {0 occur in the smoke gas of the materials
commonly used:

- carbon monoxide co

- hydrogen cyanide RCN

- hydrogen chloride HCL1

- hydrogen fluoride BF

- sulphur dioxide 802 + HZS
- nitrogen ¢xides NO + N02

The following table gives the allowable 1limit values for the most important
parts ¢f the interior and equipment as valid at present. These values are measured
in the NBS chamber.

Gas Limits

- hydrogen fluoride (HF) 50 ppm after 1.5 min and 4 min

- hydrogen chloride (HC1l}] 50 ppm after 1,5 min and 500 ppm after 4 min.
- hydrogen cyanid (HCN) : 100 ppm after 1,5 min and 150 ppm after 4 min.
- sulphur dioxide (502+H251 : 50 ppm after 1,5 min and 100 ppm after 4 min.
- carbon monoxide (CO} : 3000 ppm after 1,5 min and 3500 ppm after 4 min.
- nitrous gases [N0+N02} : 50 ppm after 1,5 min and 100 ppm after 4 min.




Smoke Limits

D D

parts after 30 sec. after 4Sminutes
textiles --= 100

floor covering

draperies

uphelstery
air ducting -— 100
insulaticn - 100
major panels 100 200

ceiling panels

wall panels

sidewalls

stowage compartments

partitions

Following the publication of Amendment 25 - 66 / 121 - 189, the revision of

ATS 1000.001, issue 4 has now got under way, the most important change being a
further reduction in smoke gas emission for the major panels of the cabin. The

revised version, issuve 5, is to be published immediately.

Boeing and McDonnel Douglas have introduced similar in-house requirements.

Boeling: N6 - 51377 Smoke and Toxicity
McDonnel Douglas: DMS 1500 Smoke
DMS 2294 Toxicity
Apart from a few exceptions, the standards of 3all these requirements are

comparable, geing beyond the stringency of the existing regulations of the
authorities in terms of the smoke emission requirements.

HISTORY OF MATERIAL DEVELOPMENT OF AIRBUS AIRCRAFT WITH REFERENCE TO TRE
REGULATIONS AND ATS 1000.001

The materials mainly used for the interior of the Airbus A300 (1974) were epoxy
glass sandwiches, ABS, polycarbonates and PVC. On introduction of the ATS 1000.001
the ABS and BPY¥C parts were elininated and replaced by polycarbonate parts and
phenelic glass sandwiches. Above all, the smoke intensive epoxy resin was replaced
by phenolic resin which produces little smoke. The Airbus (A310 - 1981) corresponded
to this stapdaxd.

Following the publication ¢f Amendment 25 - 61 / 121 - 189, it was primarily
necessary to replace the polycarbonate injection moulding parts used for large
surfaces in the passenger service units by thermoplastic materials with low heat
release characteristics. Polyetherimide (PEI} and polyethersulphone (PES} were
introduced to meet the reguirements 100/100 kw/m? and kw min/m?. 1t was possible to
process these materials in the same injection moulds after minor changes. The
problem of higher shrinkage due to the approx. 50 to 100 °C higher processing
temperature was controlled by up to 10 % short glass fiber contents.



Normally, such injection moulding parts are dyed directly. However, there are
considerable problems of colour constancy with fiber glass reinforced parts and it

is alsec hardly possible to achieve an acceptable colour equivalence between PEI and
PES parts. This bas meant that such parts have had to be provided with a paint

coating which gives rise to extra costs and weight.

Another aspect which is unsatisfactory is the high brittleness especially of
highly pigmented light colourings. The natural amber colour is particularly
problematic in this connection. <Considerable efforts were reguired to adjust the
decorative surface systems —-encompassing decorative varnishes, decorative foils angd
decorative textiles - to the new Heat Release Requirement (100/100). In all three
cases totally new products had to he developed and gualified within a wvery short
period in order to be able to deliver on August 20th 1988 aircraft meeting the
values 100/100 kw}m2 and kW min/m2 in compliance with Amendment 25 - 61 / 121 - 189,

In the case of the varnishes, it has been possible to decrease the heat release
{peak) to the order of 80 kW/m? by developing a new filler which has a blocking
effect and by reducing and further limiting the polymer layer thicknesses. The
integral values are in the order of up to 80 kW min/mz.

ks regards the decorative foils which c¢onsist of two Tedlar foils (PVF),
intermediate embossing resin ([structure and colouring) as well as a layer of
adhesive, it has been possible to reduce the heat release sufficiently by means of

new Tedlar foils with reduced heat release, new flame-inhibiting embossing resin and

new adhesives. However, an increase in smoke emission had teo be accepted.

The situation with decorative textiles for wall coverings is unsatisfactory.
MBB currently has a qualified product on PBI basis which, when applied to phenoclic
glass sandwich material, is only minimally under the 2100/100 1limit therefore

providing insufficient tolerance and constantly causing problems in preduction.

MATERIALS FOR COMPLIANCE WITH AMENDMENT 25 - 66/ 121 - 198

Now, what 1is the situation as regards compliance with the second stage of the
Heat Release Rule, Amendment 25 - 66 / 121 - 198 with the values &5/65 kw/mz and
kW min/m2 {peak and 2 minutes total heat release)? We are currently in the course
of development and qualification of materials for this stage. In order to be able to
deliver aircraft on 20th August 1990 which meet these regqulations the materials will
have to be defined by the middle ¢f this year.

Phenolic glass sandwich material with a Nomex honeycomb will remain the basis
for major panels [sidewalls, partitions, ceilings, bhatrack doors and walls for
galleys and toilets).

New generations of decorative foils, paint systems and textiles will be used to
decorate these panels.

Decorative foils from various suppliers - resulting from the first stage of the
Heat Release Rule - are being gualified,.

As regards Airbus components which are provided with decorative varnishes, 2
new spray filler and a new top coat of a supplier are currently at the qualificatiod |
stage. _

Both these decorative systems {foil and varnish) will make it possible to meetf_
the 65/65 reguirements in future.
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ng far as textile decorations are concerned, only the wall coverings are
affected by the Heat Release Rule. There are nco adequately developed textiles for
fulfiilment of <the 65/65 requirement today. Core spun yarns which are undergeing
investigation offer a certain potential. Socme of the most i1mportant are listed

helow:

- polyamidimid

- polyetherimid

- polyamid

- pelyester, FR

- polybenzimidazole
- wool, FR

These textiles are governed not only by the Heat Release Rule but also the
relevant smoke emission (¥BE), toxic fume emission {HBS) and flammability test
{Bungen kburner) requirements, which 1is a particular challenge 1if color fastness,
cleanability, abrasion and corrosion resistance are to be kept within specified
limits.

Qualification activities for thermoplastic injection moulding parts of the
passenger service units are focussed on  polyetherimides (PBEI)  for the time being.
However, for sonme dyes there are certain problems in.obtalining an adeguate safety
margin for the 6£5/65 heat release values. It may prove necessary o stop dylng
these parts and to coat them with varnishes instead. Besides the use of PEI, second
source development work also encompasses investigations into the use of modified
polyethersulfone (PEZ} and polyphenylsulfone (PPSU).

The use aof these materials partly results in considerable additiopal

gxpenditure due to the neecd to provide completely new injection moulds.

FUTDRE DEVELOPMENTS

As already indicated, current development and qualification activities do not
provide satisfactory solutions for fulfillment of the Heat Release Rule for 1990 in
every case. This will ke the major task for materials development engineers and
aircraft producers in the immediate future. The most important activities will have
to be in the following areas:

- availability of a thermoplastic injection moulding material for the PSU's with
better dyving characteristics, less brittleness, lower solvent sensitivity and
good processability, as well as low heat release values. HR ¢ 55/55

- development of decorative foils with smcke emissiorn valuses of less than
Dz = 1040.

- availability of a textile wall covering material with hezat release values of

less than HR < 55/5%5 1n an applied condition on phenclic resin sandwich
components .

1n  addition, impertant activities for the further development of materaials for

eguipment and furnishings will focus on the following areas.



in order to reduce weight and cost, milled aluminium parts and aluminium
castings will increasingly. be replaced by short fiber reinforced thermoplastic
injection moulding parts for interior eguipment and furnishings. Polyetherimides
(PEI) and polyetheretherketone (PEEK} with short glass and carbon fiber
reinforcement (up to 30%) are primarily used. In scme cases, welght savings of up to
50% are possible and at small guantities per aircraft considerable cost savings are
possible - especially by comparison with milled aluminium parts.

Intensive development activities are wunder way in the field of fabric-
reinforced thermoplastics at many of the major manufacturers and processors of
thermoplastic materials. This group of materials 1s entering into competition with
the fabric-reinforced phenolic resin systems widely used today. At the present
stage, aircraft manufacturers see no essential technical reqguirement making the use
of this new group of materials compulsory on the short term. Even the latest
regulations regarding fire-safety can be met with today's phenelic resin systems,
However, modern fiber-reinforced thermoplastics may possibly offer a cost reduction
potential making the partial use of such materials in the interior and for equipment
attractive. Such potential cost advantages will, however, have +to be demonstrated
first. The potential relates to:

- the low cycle times
- better surface guality and thus reduced decoration effort
- possibility of producing integral components by welding

- possibility of deep drawing and pressing processes.

The major disadvantages at present are the two to three times higher material costs
than phenolic resin semi-finished products.

As far as plane sandwich structures in the cargo hold and passenger compartment
are concerned, it is fair tc assume that there will be suppliers of continucusly
produced sandwich panels with fabric-reinforced thermoplastic materials in the near
future. These could certainly compete with fabric-reinforced phenolic resin
sandwich panels.

CONCLUSION

Working towards on improvement in the safety of passengers in commercial
aircraft, it is not really possible to achieve a target. Constant efforts must be
made to protect the health and safety of passengers in the event of an accident

which can never be completely ruled out. It is therefore always only possible to
reach intermediate targets.

It is the responsibility of the aircraft manufacturers, material developers and
suppliers, certification authorities, airlines, aircraft crews, airports and

further organizations to jointly work towards this end. There can be no standstill.
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1t SUMMARY
e In order to improve ajrcraft safety with respect te fire, iln the last few years the authorities have
H

issued several regulations relative to the fire resistance of organic materisls used in civil aircraft
commercial furnishing, In particular FAR 25 Amendment 61 and FAR 12] Amendment 189. Their purposs s to
to limic the heat release of the materlals used for passenger cabin furnishiog.

1t . These regulations te be applied on aircraft delivered as soon as August 88 are very severe as they
k. ' prohibit the use of most of the materials which bave been used up to now.

The purpose of this paper Is to present the various investligations on new materials made at Aérospa-
tiale together with the development of new technelogies.

L. INTRODUCTLOWR

In order to improve afrcrafc safety with regspect te fire, in the last few years cthe avuthorities
have lssued several regulations relative to the fire resistance of organic materials used in civil
aircraft commerclial furnishing, in particular FAR 25 Amendment 61, FAR 12)1 Amendment 189;

thelr purpose
is te limit the heat release of the materials used for passenger cabin furnishing.

ks

These criteria (mpesed are extremely severe as they prohibit the use of most of the materials which
have been used up to now such as ABS, PVC, PC, Aramid, Prepregs.

ne - ’ Manufaccurers and material suppliers are faced with a real challenge to develop new materials and
I lauach them Ln serles production In a very shott period of time {n order to meet the regulactions.
ly

ar {pi % The purpose of this paper is Lo present the varlous lovestlgations on new materlals made at Aérospa-

s tiale together wich the developmenc of new technelegies lo order to Lamprove the level of safety
in atah, | board aircraft constantly.

2. THE MEW REGULATION

The new regulation conslsts in testing the samples representacive of the varicus commercial

furnishing panels with their decoration by subjecting them to the ¢Ld tests Lo which new tests have been
added.

FAR 25 Amendment 32 : Bunszen Burner Test

{burnt length - extingulshing time}
FAR 25 Amendmeot 61 : OSU Chamber Test : HR heat release aod HRR Heat release rate

FAR 25 Amendment 66 : NSB Chesmber Test
{Opacity of smoke after 4 min.}

The test causlng the greates number of conatraints and which is the most difficule to conduct Ls
the one in the OSU chamber becsuse todate very few laboratories are equipped with 0SU chambers and the

regulaciod is scill oot preciese as regards the adjustment parameters to be respected snd the procedures
for validating this test.

3. MATERIALS RECOMMENDEG BY THE FAA

Te meet this new regulation the FAA propose to use the fibre pglass/phenclic resin prepreg lay up.
The FAA base their propesal on the results of full scale cests which were performed on a G 133 which
showed that when fibre glass/phenolic resip wag used the flash over occurred after 240 sec., whereas
¥ith the othet industrial materfals tested 1t occurred earlier.

herospatlale are very familiar with the fibre glass/phenolic resin prepreg lay up technology
éloce it has been used in cheir workshops For mwore than 20 years. Concorde was already equipped with
Panels produced uslog fibre glassfphenolic TesIn prepregs; this means that Aérospatiale konow the
tdvantages and disavantages of this solurion well.



Advantages Disadvantages

- provides good safety as regards risks ~ tack still badly contralled which

of fire makes lay up more or less difficule
—~ good mechanical characteristics in - limited shelf life

particular good stiffness - storage in cold chamber
~ cheap prepreg - high density {d = 2.5)

= loog implementatien which is thus expensive
although operations have been sutowmatized

- safety and healch problems due to the free
phencls released.

4. AEROSPATIALE OBJECTIVES
Congldering the short time we had to meel the criteria imposed we have Lo fixe the objectives :

- to keep the same design 50 as to use the existing tools
- not to Locrease weight

The materials fmplemented today correspond to these objectives and are provided lm para 5.
In the future, we {ntead to

- ¢hange the design to reduce manufacturing costs
- work with materizls that are more flexible to implementg
- continue ilmprovements as regards safety with respect to [ire

Iavestigations have been infriated ar Aerospatlale and are provided in para 6.

5. NEW HMATERIALS IHPLEMENTED AT AERQSPATIALE TO MEET THE LATEST REGULATIONS
{without changing the deslga).

5.1. Therwo sertting prepreg lay up :

Host of our furnishings are produced by laying up thermosettiag prepregs. The ldea of creating 3
a carbon fibre glass/phenolic resin hybrid was born when analysing the carbon fibrefphenollc )
resln prepreg heat release which {s just below that of the fibre glassfphenolic cesin prepreg.

The hybrid we zre using at the present time is made up of

33 % of carbon fibre which gives it very good stifiness; the carbon fiber used
is a large mesh materfal.
. 66 % of textured fibre glass which is thus light, to cowplete the weave and achleve
ralative sealing.
impregoation of modified phenolic resin.

With respect to the fibre glass/phenclic resin prepregs

the weight saving L& about 30 X, 1.e. 8 kg for an Alrbus A320 cockpit lining
the behaviour te respect to fire Is similar

the mechanical characteristics are not absolutely equivalent but the presence
of carbon provides good stiffuess which s deteraminiog factor for furnishing

. implementation i§ easler as a vresult of better lay up possibilities sad better
surface appearance.

5.2. PES plate thermo setting
& certain aumber of compoaents were produced by therwo setting polycsrbonate plate.

When the new regulation appeared we had to chose thermoplastics which were mot thermostable
such as polyetherimid (P.E.XI.) or polyethersulfone {P.E.S.).

The first product available on rhe market was ULTEM 1613 produced by G.E., but this material
did not allow light shades and the desired texture to be cbtained easily. This is why we chose
a P.E.§. thermoplastic : Europlix Ultrason E produced by a germsn company, Rhom, on the basie of
B.A.5.F. raw material, and which has receantly changed to Europlex Ultrason EQ7 in order Lo
guarantee the heat release 65/65 criteria required io the offfcial regulation.

Although implementatfcn of these thermoplastic plates is more complex than that of the
polycarbonate plates, Lt requices high thermo setting Lemperatucrcs and different{al hesting
temperatures which have to be optimized according te the shape of Lhe part, but it has been
possible to keep the exiscing rtools.




6. DEVELOPMENTS OF NEW TECHNOLOGIES AND NEW MATERIALS :

Aerospatiasle is looking towards new technologies Lo

reduce produccion costs, use materials that are
more flexible to implement, &sud {ampreove safety.

£.1. Retnforced thermoplastlic stampiog (without flow)

This pracess {g stmilar to dfe forging for metsllic materials; it is performed In three stages

(1) a laminate {s made up with a certain number of plies determined when the part
15 designed

(2) the laminate is pre-heated

{3} it is stamped using 2 cold mould made up of 3 metal upper die and bottom die
on a conventional prese.

To apply thls process, Aérospatiale has acquired a “bay” which pre-heats the laminate and prevents
the laminate from cooling betweeno operation {2) and cperation {3},

The pressures exerted are about ? to 3 Mpa. Afvospatiale has worked with different types of P.E.1.,

P.E.S, end F.P.5 base materials and different reinforcements : fiberglass, carbon/fibreglass hybrid,
with conventional weaves and deformable weaves,

Thie technology L& petfectly well sulted to comstant thickness developable sghapes and emall or
medivm size partsg,

45 the resin {s thermoplastic, ne curing Is required; storage duration {s unlimited at aabient
temperature, and cthe resin only has to be softened before use,

Implementation costs are 30 te 50 % less according to the parts,

6.2, Fowder {mpregnated phenclic thermo setting composite gramplog

Phenolice for thelr parts, are evelving. We are using a stamplng process for pewder phenclic

{fmpregnated carbon-fibreglass hybrid plates. This method eliminates the problems caused by thickness
and the presence of wolacile coarents.

The shaplog 1& performed on & semi~finished product which is a rigid sheet,

stored at zwbient
remperacure,

The techinology can be used for the same type of part as the one described in 6.1, Its loplementacion
involves mere constrafnts as a het mould fe uged {nstead of a celd one, and the cure time (s a little
longer. The base material, op the other hand, fs cheaper

A value analysis must be made for each part fn order to choose between 6.1 and 6.2

6.3, Compresgicon moulding with flow

The process can be compared te forging for metallic parts., It requires :

. a heating installation capable of heatipg the material to a temperature at which ft
cap be moulded

a quick-close presg capable of mairtaining the pressure unti{l the resin has stopped
flowing
. a metallic mould {upper diefbottom die)

The semi-finished product is a sheet reinforced wich fibreglass or carbon Fibres {cut fibres or mat)
or a carboo/flbreglass hybrld imprenagted with a thermoplascic resin (P.E.L. or P.E.S5} : G.M.T.

or a
uon ecid phenolic tesin : 5.H.C.

The sheets, which have the same welght as the part to be moulded, are placed inside the lower half
of the mould., the pregs i{s then activated. The two halves of the mould come together quickly and exert
e pressure on the relnforcement ef the semi-finished product

The material which inicfally covered only a part of the mould will flow and f41} the whole space in &
fev seconds without shearing. Fibre length fs thus almost totally unaffected by the moulding operatien.

As it ig the reinforcement fibres that carry most of the load in a composite, fibre acrangement
in the finisghed part plays a predominant part ic obteining the mechanicsl properties. It 18 thus

necessary to check the regularity of the fibre arrangement on the first paccs by dissecclon,
particularly 1f the gecmetry 18 complex.

This technolegy makes it pogsible to obtein parts with compliceted geometries and variations in
thickness, ribs, etc.

The pressures required depend ou the couplexity of the shape of the part, but they are typically
1o order of 20 HPa. Afrogpatiale has chosen to design the ATR 42/77 luggage rack doar and side
panele using this technology.
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. Resin cransfer moulding (R.T.M.)

This process consists in thermo-forming & special reinforcement Lo the exact shapes and size of the
part, in the mould, and then injecting a liquid phenclic resin under low pressure Or vacuum,

Resin tranfer moulding is carried out in geveral phases

{1) cutcing out the reinforcements

{2) posltioning the reinforcemancs, generally one above the other, in a frame or retainlng plate
retalning the ceinforcement peripherally. The tension of thls retaining plate must be adjusted
in order Lo permit relative slippage of the plies towards the centre of the mould. & large parc
of resin transfer moulding koow how resides Ln good design and good adjustement of the retaining
plate.

(3} heaclog Ln an oven to soften the reinforcement binder.

{4) formiog the relnforcement In the press.

(5) cooling Ln the mould to set the biunder which makes 1t possible to conserve the shapes.

(6) cutting the preliminary shape to Lthe exact dimensions of the part Co be moulded.

(7} placing the preformed reinforcement, cut the size of the part, in a closed mould sealed Ln around
the perciphery.

After injecting, the excess resla required to expel the air initially present in the mould is
removed via vent holes perpendicular to the plane of the mould.

This technology also mekes it possible to reduce production costs and obraln parts rhat have an
excellent surface condition and do not require a surface treatment cperation before belng

palnted,
7. CONCLUSIOR i
Aercspatiale are on the point of adspting new techaclegies to put them in a even better position
with respect to the existing regulations and enable them to produce parts at less cost. But £o be able
to do so, future regulations must be realistic, l.e take account of industrial reslity from the point 1
of view of test mecheds, criveria to be met and available industrial wmaterials. What do tomorcow's i
regulations have in sctore for us 7 Toxlcity requirements ? Burnt through requirements 7 It would be ]
desirable for the iomtended directions te be announced early encugh to enable the necessary developments 1
to be prepared, The position of an aircraft manufacturer such as Aerospatlale is very difficulc today,
as modifications 1o the regulations are ofren made hastily and therefore lack consistency.
REFERENCE
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HEAT RELEASE RATE MEASUREMENT FOR EVALUATING THE FLAMMABILITY OF AIRCRAFT MATERIALS

Yoshio Tsuchiya, Institute for Research in Constructiocn, National Research Council of
Canada, Building M-59, Montreal Road, Ottawa, Ontario, K1A OR6 Canada

Summary

with the goal of improving fire safety in paSsenger aircraft, the FAA and Transport
Canada have adopted a new test method to evaluate the flammability of ajrcraft interior
materials. The method uses a modified ASTM ES06 release rate test apparatus.
Experiments have shown that the test is affected by small variations in such factors as
the pattern of airflow in the combusticon chamber, the number and position of pilot
flames and certain characteristics of the sample such as flame retardancy and physical
copstruction. The auvthor discusses the various factors affecting the test. O0f
particular interest is a comparison between the thermal method and the oxygen
consumption methcd of HRR measurement. The oxygen consumption method is recommended.

Introduction

To upgrade the fire safety standards for cabin interior materials in transport category
airplanes, the Federal Aviation Administration (FAA) started a program in the late
1970s to establish a method for testing flammability under an imposed radiant heat
representative of the pest-crash fire environment. A standard test method of the
american Society of Testing and Materials (ASTM}, ASTM E906{l), was adopted as the most
suitable method for the purpose. The E906 standard test wag originally developed for
testing the flammability of building materials which generally have HRR’s between 150
and 400 kW/m’. For aircraft materials, HRR’s below 100 kW/m* or ideally below 65 kW/m’
were being sought. To measure such small values of HRR accurately, the current FAA test
was developed from the ASTM ES06 test by improving the sensitivity of measurement and
by precisely defining the test conditions.

The Fire Research Section of the Institute for Research in Construction, National
Research Council of Canada (NRCC) has been involved in establishing the FAR test in
Canada under the supervision of Transport Canada since 1985. The facility and the
testing method were successfully inspected by the Technical Center of the FAA in 1987,

and since April 1988 tests have been performed both for certification and develcpment
purpeses.

The purpose of this paper 1is to share acquired technical information with other
international testing laboratories which have developed, or are developing, their own
testing facilities feor the FAA test with the goal of upgrading the testing methcods and
thus improving fire safety of aircraft materials.

PATTERN OF AIR FLOW IN THBE COMBUSTICN CHAMBER

Fig. 1 Cross section of the combustion chamber and the pattern of air flow
(a) Before sample injection {b) After sample injection
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Heat flux density cn the specimen surface must be uniform and within 3% wvariation as
described in the regulation(Z). To get uniformity, a diamond shaped mask plate is used
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in front of heater bars and also, the slopes of the edges of heater reflector plate are
adjusted(2). adjusting the slopes, however, may change the pattern ©f air flow in the
combustion chamber and the HRR measurement may be significantly affected. When a
specinen of no heat ocutput is injected into the testing position, mV outpul of the
thermopile may be expected to fall because of the heat absorption by the cool specimen
and the specimen holder. Actually, the mV output increases because more air flows
towards hot heater bars as shown in Fig. 1. This increase could be as high as 1.5 mv
depending on the angle of the slope; 1.3 mV corresponds to about 18 kW/m' in HRR
measurement. When a particular testing apparatus constantly shows higher wvalues than
others, this effect should be examined.

PILOT FLAME PROBLEMS

The FAA has ruled that both the upper and lower pilot flames should remain lighted at
all times during tests, but the pilot flames occasionally are extinguished. Wwhen a
material treated with flame retardants is tested, the evolved gas may extinguish some
of the upper pilot flames. As well, the lower pilot flame may be physically smothered
by swelling of the front surface of a specimen,.

The upper pilot

The original design ©f the upper pilot burner had three flames 60 mm apart. Once a
flame was extinguished, it did not reignite. When the upper pilct flames are off,
combustion of gaseous decomposition products is less efficient and a dip appears on the
release rate curve. To alleviate this, the burner has been redesigned to have 14 flames
12.7 mm apart.

Even with the new design, some of the flames may stil) be extinguished but they are
easily reignited by adjacent flames. The problem has been mitigated, yet some dips
still appear on release rate curves as shown in Fig 2. The dip reduces the value aof
accumulated heat release. The reduction may be corrected by integrating the area below
the broken line in Fig. 2, or alternatively, the dip can be left as it 1is since
generation of flame extinguishing gases may be a desirable characteristic of the
material.

The lower pilot

Smothering the lower pilot flame could occur in testing a material with a honey-comb
structure. The bullt-up pressure in the hopey-comb makes the heat softened front
surface swell thus blocking the lower pilot. When the lower pilot flame is off, flaming
of a specimen could cease completely. Installation of a reigniter has been suggested to
cope with this problem. One suggested design is a spark ignition gap installed
immediately in front of the pilot burner. The high voltage of a spark source, however,
may produce neise in the data system or cause unpleasant electric shocks to the
operator. AL NRCC, a hot platinum wire igniter has been used.

Fig. 2 HRR trace when some of the upper pilot flames extinguished
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It has been noted that installing a hot wire igniter prevented smothering of the pilot
flame by providing a physical barrier in front of the pilet flame. A simple guard and
not a reigniter may solve the lower pilot problem in most cases. Another suggestion is
te install crossed wires on the surface cf the specimen attached to the edge of the
specimen holder; this will prevent swelling of the specimen surface at the pogition of
the lower pilot burner.
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a ATIR TIGHTHMESS OF THE COMBUSTION CHAMBER

13 -

a The FAA test apparatus loses its air tightness upon repeated use, especially around the
heater bar fixture, and supply air may leak out of the combustion chamber. The air leak

N results in larger values forxr the calibratien constant. The air tightness can be checked

'S visually by placing a smoke generator in the combustion chamber or by flowing nitrogen

v instead of air and measuring the decay of oxygen concentration at the chimney. The

R

latter method can be performed conveniently in the oxygen consumption method of HRR
measurement, which will be discussed later in this paper.

SURFACE AREA OF A SPECIMEN

The specimen holder has front dimensions of ¢.1%6 m X 0.156 m with & 6 mm widé edge.
The exposed surface of a specimen is then 0.144 m ¥ 0.144 m =0.02074 m’. The FAR rule

requires that 0.02323 m’ surface area be used for HRR calculations. The difference from
the exposed surface area is approximately 12%.

oo e

STATISTICS OF TEST DATA

Small variability of test data is desirable in a test for better control of the cuality
of materials to be tested. The quantitative measure ¢f the variability is the standard
deviation. WVariability of test results in the FAA test has been studied in two
different ways. One was a repeated test of a control sample over a period of 8 months
and the other was statistical analysis of actual test data.

The wvariability of data in repeated tests is mainly caused by wvarjation of test
conditions. Variability in triplicate test data is variation of the specimens and of

test conditions specifically related to the material, such as instability of pilot
flames.

Repeated tests of a control sample in an 8 month-period

ol oA MW

Specimens of a control sample were tested 17 times over a period of &8 months. Means and
standard deviations are as shown in Table 1.

Table 1 Repeated test of a control sample in an 8 month-perieod

L=

; Number of tests Mean Standard dewviation
- Max. HRR 17 70.9 kW/m' 6.52 XW/m
Accum. HR 17 73.3 KW-min/m* 7.52 kW-min/m’

Statistics of actual samples tested in an 8 month-period

From March o October 19888, 214 materials were tested. Means and unbiased standarcd
deviations for each triplicated run are shown in Figure 3 (a), (b}, (c), and (d}.

Figure 3 Histograms of test results

t{a) Maximum rate of heat release, (b} Maximum rate of heat release,
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(¢} Accumulated heat release at {d) Accumulated heat release at
2 minutes, means 2?2 minutes, standard deviations
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Each histogram contains 214 data points. Curves have been drawn assuming a normal
distributicn for means and a chi-sqguare distribution for standard deviations. It is
notable that peak values of the standard deviation for accumulated HR and maximum HRR
are about 3 while those of the control sample were about 7 as shown in Table 3. The
results indicate that wvariation in test conditions over a long time pericd is
significant; relative standard deviation was about 10 %.

THERMAL METHOD VS. OXYGEN CONSUMPTION METHOD

There have been two generic types of heat release rate measurement: the thermal method
and the oxygen consumption method. The thermal method measures increases in the
temperature of the exhavst air by a thermopile; the current FAA heat release test (2)
and ASTM ES%06(1) are examples of the thermal method. The oxygen consumnption method
measures oxygen content of exhaust air, and calculates HRR based on the fact that a
constant amcunt of heat is generated per unit guantity of oxygen consumed. An example
of the oxygen consumption method is ASTM E~5 proposed Cone calorimeter test(3}.

|
4
§

Blomgvist compared the oxygen consumption method and thermal method using an ASTM E906
apparatus with a compensated thermopile(4). Tests of a polyvinyl chleride (RVC) wall

covering gave a HRR which changed rapidly with time; the thermal method gave only 60%
of the peak value of the oxygen method, The discrepancy can be explained by the large
thermal inertia in the thermal method.

The present author compared the two metheds using an ASTM E%06 apparatus in a previous
study, and concluded that the oxygen consumption method was advantageous because it was
free from thermal inertia which is caused mainly by absorbing and descorbing of heat by
the walls of the apparatus(9).

The other advantage of the oxygen consumption method is a non-biased measurement of
both convective and radiative heat release. A thermopile, the temperature sensor used
in the thermal method, measures the convective heat release but may not measure the
radiative heat release. For the purposes of fire safety, the HRR including both
convective and radiative heat release should be measured. In the FAA test or ASTM E906,
the apparatus is calibrated with burning methane. A methane flame is less bright,
having a smaller radiative/convective ratio than a propane flame or wood flame. When a
test sample has a flame of higher emissivity than the methane flame, the measured HRR
value is biased and is recorded as smaller than it actuwally is. In the oxygen
consumption method, both convective heat and radiative heat are measured without bias.

EXPERIMENTAL STUDIES OF O, COHNSUMPTION METHOD IN THE FAA TEST APPARATUS

The standard FAR heat release test has been modified to measure HRR by the thermal
method and oxygen consumption method simultanecusly. The modification included the
addition of a gas sampling line and gas analyzers as shown in Figure 4. The gas
sampling probe was placed 4 cm below the level of the bypass air opening in order O
sample gases only from the combustion chamber flow.

High baseline of the thermal method

Figure 5 shows millivelt outputs of the thermepile and oxygen analyzer when a control
sample was tested. Differences between the two curves are obviocus; the thermal output
curve is characterized with a large baseline value and relatively small signal values.
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Fig. 4 Gas analysis system
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The large baseline value is caused by the output from electric heating bars; it does
not appear in the oxygen consumption method. The baseline wvalue is subtracted from
measured millivolt values to calculate heat output in the FAh fest. In any measurement
a large baseline value 1s not desirable; poor signal/noise ratio results and also
fluctuation of the baseline value reduces accuracy c¢f measurements more significantly
than in a case with small base line wvalue. The small baseline wvalue is another
advantage of the oxygen consumption method.

It is also cobvious in Figure 5 that the peak shape compared to the long tailing part of
the curve is much steeper inm the output of the oxygen analyzer than that of the
thermopile. The difference is caused by thermal inertia as discussed earlier.

Fig. 5 ©Output signals from the thermopile and oxygen analyzer
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The output signals from the 9, analyzer were delayed about 2% seconds from the
thermopile outputs. The delay was caused by the gas sample flow path from the sampling
probe to the exit of the 0, analyzer. The delay had no effect on the value of HRR.

BRR values measured by both thermal method and oxygen consumption nethod

Five different methods were used to calculate HRR in the modified FAM test:
1. Standard thermal method (2)

2. Modified standard thermal method using propane as the calibration gas

3. 0, consumption method with the apparatus constant measured by burning known flow
rates of methane

4. Same as #3 but propane was wsed in place of methane

5. Normal oxygen consumption method using the accepted heat release

value for unit
quantity of 0, consumption.

In §2 above, propane was burnt in a similar way but with smaller flow

rates than
methane flow rates in the standard method. In 43 andg #4,

methane and propane
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calculated in xW/0,%. HRR for the combustion of test samples is calculated by
multiplying the constant with the 0, consumption percent. In this method, the flow rate
of air in the calibration and test runs should be kept constant but the value is not
required. 7Two different gases were used in ca;ibration to investigate the effect of
brightness of flames.

In £5, 2 heat release value of 13.1 KJ/{gram 0,)=18.70 KJ/(nm' 0,) suggested by Hugget (&)
was used. Flow rates of air to the combustion chamber and to the bypass were measured
by a hot wire anemometer method{(7} in the 3% mm id. air supply pipes. The standard air
flow, whose rate was 0.04 m*/sec measured by a rotameter, was found to split in a ratioc
of chamber/bypass=1/1.62.

Four different calibration constants {(Xh}) are shown in Table 2 and results of five
different methods of HRR measurements are shown in Table 3.

Table 2 Calibration constants

Thermal method Oxygen consumption method
Kh, kw/mv Kh, kw/%
#1 $2 §3 £4
with CH, with C,H, with CH, with C,H,
0.282 0.36% 2.375 2.456
1.62% 1.72+ 0.99* 1.03%

* Relative standard deviation in duplicate runs, %

Table 3 HRR of control sanple

Thermal method Oxygen consumption method
#1 i2 #3 f4 #5
CH, Kh C,H; Kh CH, Kh C,H, ¥h Common method
Max. HRR* 78.3 102.7 123.89 128.1 105.4
Accum, HR* * 50.8 66.6 58.9 60.9 50.2

* The maximum HRR in the 5 minute test period, kwW/m?
#*The accumulated HR at 2 minutes, kW-min/m'

In Table 2, walues of relative standard deviation of the oxygen consumption method were
smaller than those o©f the thermal method; the oxygen consumption method had better
reproducibility. The larger wvalue of the calibration constant measured with propane
than with methane, in the thermal wmethod, 1is accounted for by the larger
radiative/convective ratio of the propane flame. In Tabkle 3, the standard FAA test
method (thermal, with methane calibration) resulted in the smallest wvalue of BRR for
the control sample. In comparing the oxygen consumption methods and thermal methods,
the lower values of maximum HRR 3in the thermal methed result from greater thermal
inertia in the thermal method. The thermal inertia should have no effect on the
accumulated HR and there is no significant difference between measured accumulated HR
of the two groups in Table 3. It is obvious that the standard method (#1) gives a lower
value of the maximom HRR than other methods. The oxygen consumption methods, #3 and #4,
methane and propane calibration respectively, agreed well. Values obtained by the
common method are lower than those measured in #3 and #4 metheds; more accurate
measurement of the chamber air flow may be required.

THE STANDARD AJR FLOW RATE

The standard air flow rate 0.04 m'/s is in excess of that needed for complete
combustion of materials to be tested. In the above experiments, ithe maximum oxygen
depletion was 2% and 2.3% respectively in the methane calibration and in testing &
control sample. Concentrations of CO were less than 0.01% and 0.2% respectively. The
air fleow rate can be reduced by 1/2 or 1/3 of the standard rate without much increase
in CO concentration, which is an indicator of incomplete combustion. The reduction of
flow rate will increase 0O, consumption percent. MV output will also be increased
resulting in improved signal/necise ratic both in the oxygen consumption method and the
thermal method.

Conclusian

The measurement of HRR by the standard FAA test method is affected by air flow patterh:
pilot flame stability, air tightness, and consideration of the surface area of samples.
Close control of these factors 1is essential for a valid measurement. The magnitude of
variability of data that were obtalned in the author’s experiments has been discussed:
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relarive standard deviation in tests of a control sample in a 8 month period was about
10 %,

The oxygen consumption method and the thermal method were compared by adding a gas
analysis system to the standard FAA test apparatus. The oxygen consumption method is a
better methed and it is recommended for use ip place of the present thermal method. The
thermal method results in less accurate HRR values by giving: 1) a small maximom HRR
value because of the thermal inertia of the apparatus, 2} lower than actual HRR values
in testing materials with flames of higher emissivity than methane flame, 3} higher
hase line wvalues and 4) less reproducible data. The signal/noise ratio can be impreoved
further by reducing the air flow rate.
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PASSEMGER BEHAYIOUR IN AIRCRAFT EMERGEMCIES
INVOLVING SMOKE AMD FIRE

Claire Marrison BA M5¢ and Helen Muir MA PhD
Applied Psychology Unit, (ollege of Aeronautics
Cranfield Institute of VYechnology, BEDFORD, MK43 QAL

A review of the accident literature has indicated that in aircraft
emergencies involving smoke and fire both envirenmental and
behavioural factors will infiluence passenger survival rates. These
factors include the number of operational exits, the presence of
toxic fumes, the extent to which anxiely, disorientation, feelings
of depersonalization, panic and behavigura) inaction occur among
the passengers. Ffurthermore, in situations in which life is placeg
under severe threat, ip addition to the experience of fear, pecple
will compete with each other in order to survive. As a consequence
the orderly process of evacuation for which passengers are briefed,
fregquently breaks down and the behaviour of passengers appears to be
confused and disorderly.

In an experimental programme, a series of evacuation exercises were
performed, in which incentive payments were made in order to iatro-
duce the element ¢f competition which is known to lead to a disorder-
1y evacuation ip some aircraft accidents.

Using this fechnique six configurations at the vestibule prior to
the Type I exits, and seven seating configurations adjacent to the
aoverwing exit have been iavestigated.

INTRODUCTION

Aircraft accidents may be classifed according to a number of criteria, the most
critical of which being whether the accident was survivable. Utilising this classifi-
catory system, it is possible to assign accidents to one of three groups:

{a) those which are FATAL or MON-SURYIVABLE. Accidents in which none of the
passengers or crew survive {for example: the Air India 747 in 1985 and the Pan Am 747
in 1988, in which the crash forces were of such severity that all onboard were

killed instantly)

{b) the NOM FATAL or SURVIVABLE, in which all the passengers and crew survive (for
example: the Tristar which overran the runway in 1985 at Leeds-Bradford Airport)

{c) the TECHWICALLY SURVIVABLE, a grouping which in¢ludes the British Airtours 737
accident at Manchester Airport in 1985, and the British Midland 737 which crashed
onto the ML near fast Midlands Afirport in Janvary 198%. Accidents in which some of
the passengers or crew survive.

The world wide accident statistics indicate that the number of accidents in all
three categories has decreased over the last two decades (Re: Figure 1). Despite this
the proportion of passengers and crew who survive aircraft accidents has not improved,
even when the data from those accidents considered to be non-survivahble has been removed
{(Re: Figure 2}. Thus, although the likelihood of being involved in ap accident has
diminished, the chances of successful egress has not increased to a significant extent.

Since approximately 90¥ of aircraft accideats are categorised as survivable or
technically survivable, recently steps have been taken by the UK's CAA and the FAA in
the United States in an attempt to reduce the number of fatalities., These improvements
have included the introduction of floor proximity lighting and fire blocking materials.
The behaviour of passengers and their impact cn emergency evacvations has also come
under scrutiny. 1€ is anticipated that with 2 comprehensive understanding of behaviour
in highly stressful and diserientating conditions, steps can be taken to improve the
probability of a successful evacuation of 311 passengers from the aircraft.

As yet little research effort has centred on the impact of passenger behaviour on
aircraft emergencies. However, it has been possible to extrapolate informatioa from
other disaster situations, such as building fires and earthquakes. This rnformation,
along with reports from survivors of recent aircraft accidents, has been used to build up
4 representation of the types of responses which passengers adopt and the impact of such

behaviours within the cabin, particularly in those emergencies which invelve smoke and
fire.

Information obtained from accident experieance suggests that fire and smoke are the
Most serious environmental factors to affect an aircraft accident. The presence of
either 1s ane of the primary reasons for jinitiating an evacuation, for example: the Air
Canada 0C-9 descended into Cincinnati Airport in 1983 following the discovery of an
nflight fire 1n the aft Javetory., Equally, post impact fire has a dramatic effect on
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the efficiency of the evacvation and the types of behaviours displayed by passengers.

Smoke and fire have the potential fo limit the number of exits available for egress
and produce toxic fumes, factors which will consequently induce certain behavioural
responses.

{a) Limited Humber of Exits

If smoke and fire are outside the aircraft when an evacuation is initiated the
number of exits is often limited, as cabin staff are trained not to open exits which may
allow fire or smoke to enter the cabin. Equally, passengers are directed away from areas
within the cabin in which fire and smoke are present.

A limited number of exits obviously increases the demand on available escape routes.
Accounts from survivors of the British Airtours Boeing 737 at Manchester in August 1985
indicate that passengers egressed over seat backs and forcibly pushed themselves towards
exits. Only to be confronted with a mass of bodies pushing forward to the doors. 1t was
noted that human blockages occurred adjacent to the overwing exit and at the vestibule
area of the galley. B8lackages which dramatically decreased the efficiency of the
evacuation, as passengers were overcome by smoke and trampied by others in the anxiety
ridden push to the exits.

(b} Toxic Fumes

If fire or smoke are present in the cabin and are allowed to persist they create an
environment which impairs breathing and vision. €Equally the combinations of toxic fumes
which emulate from cabin fires also have the potential to influence psychological
functioning, which may, in turn, affect the behavioural respaonses of individvals in an
emergency evacuation.

In addition to the specific impact of smoke and fire, toxic fumes can alsg lead fo
a number of behaviourail responses which include disorientation, anxiety and depersonal-
ization.

(1) Disorientation

Smoke generated from aircraft fire is normally dense and black, consequently
reducing visibility and inducing disorientation. This reduction in visibility has a
two-fold effect, it will increase levels of anxiety and passengers may enter areas of
the aircraft from which there is no escape,

(11) Anxiety

Passengers in an emergency situation are required to make a series of aovel and
difficull responses, in @& situation which is potentialiy life threatening. It is hardly
surprising that optimum egress does not occur, especially in view of the effect of
anxiety on performance which has long been known t0 exist. The level of performance
attained on a task being dependent on the level of anxiety and the complexity of the
task {Re. Figure 3.

Figure 3
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Simple tasks such as unfastening the 13p belt become more difficult in emergency §

situations. 1In fact, many passengers revert 1o actions which would release a car seat i
belit. Ffear, it seems, increases the i1ikelihood that the most frequently used respaase 4
is made. ’

(i11) Depersonalization

A sense of fear and reduction in performance are not alone in being a characteristic
response (o an emergency sitvation which ynvolves fire. People who have encountered |i7e
threatening events often say that the passage of time slows while mental activity
increases. Although by detaching themselves from the actwal situation, and acting as an
"pbserver", they seem bettler able tg think and respond effectively.

Such depersonalization may account for the reactions of passengers during the periog
prior to three premeditated evacuations, studied by Robson in 1973. Of the 268 indivi-
duals, cabin staff classified 35% as calm, 47% as mildly agitated, 2% as very agitated
with Yess than 1% exhibiting signs of uncontrolled panic.

b

Such a breakdown may give an indication of the patterns of behavioural response ]
exhibited by passengers during actual emergency situations. The types of response
frequently cited in literature from other situvations, such as building fires,and borne
out in survivors statements are: Fear-Flight, Panic, Behaviocural Inaction and Affiliative
Behaviour.

Fear-Flight

The fear response is the dominant reaction when survival 15 threatened. Anxhety
and its physical concomitants arve famitiar - vacing heart,tenseness of mwscie etc.

Farliest psychologicel investigations of fear ivdentified two responses, one of
“flight" from the area 1e. escape, and one of "fight”, 1e. attacking the agent of harm, 4
It is unlikely that passengers would respand te an emergency onboard by attacking the 1
agent of harm. However, fear-flight may be of some relevance.

In fact 1t may be possible to sub-divide the fear-flight reaction. Behavioural
reaction to a small cabin fire, whose origins may be a seat, may be flight from a
specific area. In comparison, if the threat to a passenger's well-being is more intense,
the flight response may be more dramatic. Even to the extent of disregarding the agvice
of cabin staff and attempting to escape before the aircraft comes to rest.

Fear, it should be noted, underlies all the behavioural respanses to aircraft
emergencies,

Panic

According to the paric scenario, people threatened with entrapment compele in an
animalistic manner for limited access to an escape route,

The term panic has been used to such an extent that we anticipafe Lhat we will act
accordingly 1n a disaster and will also expect others to respond in a corresponding
manner. 1t is therefore surprising te find that Robson in 1973 indicated that less than
one percent of passengers displayed responses akian to vancontrollable panic. A result
which {5 borne out in widespread analysis of disaster situations.

The incidence of panic may increase with the severity of the accident, being at
tts highest ia accidents which involve considerable fire and smoke.

Incidences of panic may be explaitned if behaviour is viewed as a reflection of an
individual's appraisal of the high stress sitvation. Lack of familiarity with the
aircraft interior in the presence of smoke may lead to blockages at certain exits.

Such blockages may appear to be highly irrational to someone who learns after the event
that other ex1ts were avaiiable. 7To the individual, in the situation, who does not
recognise or observe the existence of these alternatives, attempting to fight his way
to the exit may seem a very logical choice as opposed to burning to death.

Behavioural Inaction

Unltike panic, behavioural inaction has received little attention, yet evidence from
disaster situations seems to indicate that it is a more likely response than that of
panic in a high stress situation.

The analysis of four disasters, led Allerton {1964) to conclude that between 10 and
25% of people did 11ttle or nothing to escape from danger. This totally inappropriate
response has also been observed in aircraft accidents. A& number of fatalities on Lhe
Air Canada DC-9 accident in 1983 were located in seats which had been allocated to thed
before take-off. Equally, a number of passengers onboard Lhe taxiing Boeing 747 atl
Teneriffe 1a 1877 were judged by their fellow passengers to make li1ttle attempt to
escape from the burning aircraft.

It is suggested that individuals do little or nothing to escape as they are uﬂQErta;n
of what action Vs the most approprisfe. A response which is hargly surprising in v1ew @
the rapidly changing events in a highly dangerous situatlion.
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Affiliative Behaviour

Affiliative behaviour is characterised by movement towards the familiar. The
direction of escape, it seems, will be related not only to the location of the threat
but also the location and degree of familiarity of the individual with the place ang
pother people.

ic
fe Aithough of direct relevance to behaviour 1n building fires, it may also be

: applicable to aircraft emergency situations. Movemeni towards the familiar in terms of
peoplie will be minimal, as Triends and Family are wusually seated together. The attrac-
tion of the door of embarkation, ie. the familiar, has been noted in many emergencies.

Escape behaviour displayed by passengers does indicate that attachment, again the
familiar, has survivel value. Individuals tend to act in an altruistic manner ensuring
the safety of family and friends, while disregarding others who are unkngwn.

In addition, passengers attachment to their hand luggage has often been observed,
je. many passengers insist on taking their personal belongings with them when wndertaking
an emergency evacuatien. It seems the perceived value of the contents obviously out-
Wweighs the risk they believe they will encounter if they take it with them.

The way in which passengers react to any emergency wil)l be a reflection of their
appraisal of the situation. This appraisal is influenced by many factors including their
age, sex, cultural origins, previous experience and their consumption of alcohol prior
to the event. The effectiveness of these respanses differ, and consequently differentials
exist in survival rates between groupings.

At the present time, reliance has to be placed on the statistics which relate to
deaths, which leads to¢ the assuvmption that those who die during their attempts to escape,
respond in an ineffective or inappropriate manner

At this point, orne can only suggest that the old and young are at a disadvantage,
especially in accidents in which speed, strength and agility play a dominant role.
However, past experience, knowledge and a mental plan of how to escape seem to aid egress
even in the presence of dense smoke.

SUMMARY

The evidence available from aircraft accidents and other situvations in which life
is under severe threat, suggests that people are (&) very frightened and (b)Y will compete
in grder to survive. A scenario which 1s particularly pertineat to accidents which
involve smoke and fire within the cabin, such as the British Airtours 737 accident.

In such situations, the orderly evacuation which i3 seen in the 90 second aircraft
certification demonstration breaks down. Rather than working in collaboration to get
everyone out of the aircraft as guickly as possibie, the threat to life i< perceived
to be so intense that each individual's behavicur 15 directed towards survival. In some
instances the objective may extend to include the survival of members of their family.

The resultant egress is disorganised, with passengers firavelling past open exits,
others near exits not surviving the accident and in some instances, blockages occurring
in aisles and surrounding exits.

CRANFIELD EVACUATION TRIALS

in response to a request from the UK CAA, the Applied Psychology Unit at Cranfield
initiated an experimental programme which attempted to investigate the effects of
passenger behaviour on flow rates during emergency evacuations. The objective being to
assess the optimum width of the buikhead prior to the Type I exit, and the seating con-

figuration adjacent toc the Type 111 {overwing} exit. The following configurations have
been under review:

Bulkhead width

(i) A width between the galley units of 20"
{ii) A width between the galley units of 24"
{iii) A width between the galley units of 27"
) A

A

P

{iv) width between the galiey units of 30"
width between the galley units of 36"
ort galley unit removed

Overwing seating confiquration

(i} The CAA minimum prior te Alrworthiness Hotice 7%, with & seat pitch of 29"

{ii} A configuration with a seat pitch of 29"

{ii1} The CAA alternative standard in Airwortithiness Notice 79, in which the seat
row located in 1ine with the ex1t has the out board seat removed. The seat
fore and aft being at normal seat pitgh of 32

iv] The CARA stendard, specified 1n Arrworthiness Notice 79, with a seat pitch of 39"

{v} A configuration with a seat pitch of 44"

fvi} A configuration with a seat pitch aof 51”7

{vii} A configuration with a seal pitch of BO"

(




N.B. In conditions (31} to {vii) the seat rows bounding the exit routes should have i
Timited recline or break-forward

Re: Appendix A and B

in order to make the evaluations as realistic as possible a system of incentive
payments was introduced. This technigue has been utilised successfully in laboratory
work in the behavioural sciences, 1n an attempt to influence the moitivatiron and perfor-
mance of individuals and groups. 1In the Cranfield experimental programme, the scheme
was adopted in order to introduce an eilement of competition between the participants

Volunteers were asked to perform four evacuations, for which they were paid a {10
attendance fee, with a bonus of §5 pald to the first half of the volunteers to ex1t the
aircraft on each evacuation,

Participants were aware gf the ilacentive payment scheme prior to undertaking the
first evacuation, in order to reproduce the competition. Volunteerswere not, however
given any information regarding the exits or configurations under review.

On each of the 28 test days, four of the thirteen configurations were assessed,
two through the bulkhead and two via the overwing exit. The design of the experiment 1
was such that twelve of the configurations were undertaken a minimum of eight times. :

The programme aimed to achieve as much realism as safety would allow, thus the
evacuyations took place in a Trident aircraft parked on the airfield at Cranfield. In
addition the volunteers were given a standard pre-flight briefing prior to each evacuation
by members of the research team trained and dressed as cabin staff. The volunteers heard
taped noise of the engine start up, taxi down the runway, which were followed by & series
of unexpected noises and the call to evacuate.

To ensure that the cabin configurations were evaluated rather than other extraneous
variables, the exi1ts were opened by wembers of the research team and subjects egressed
via ramps mounied sutside the doors rather than chutes

Each evacuation was recorded using video cameras (with time bases) mounted in the
interior of the aircraft and putside the exits. Y¥olunteers were also asked to complete
questionnaires at the conclusion of each evacuation.

RESULTS

ver 1550 volunteers toek part 1n the trial series, an average of 55 volunteers
on each trial day. For safety purposes these individuals were between the ages of 20
and 50, and passed f1t by the doctor present st the evacyation site. OFf these 71% were
mate, with the mean age of participants being 28.8 years (sd.7.6).

At the conclusion of the 28 ftrial days, l1] evacuations nhad been performed
{deteriorating weather conditions made 't hazardous to initiate the final evacvation on
one day). On 7 occasions it was necessary to halt an evacuation, as the number of
volunteers attempting fo pass through the exit led to a situation 1n which individuals
were physically stuck in the aperture or individuals were at risk of being trampled by
others. Consequently, the safety officer considered it dangercus to continue.

With the quantitative and qualitative data which has been gathered, it is antici-
pated that it will be possible to specify the optimum seating configuration adjacent to
the Type IIJ exit and the dimension of the bulkhead prior to Type [ exit. At the present
time the analysis of the results is at a preliminary stage.

The video and questionnaire data from the trials has also provided an insight into
the dynamics of behaviour within the cabin in an actual emergency. A1sles and exits have
been blocked by the sheer numbers of people trying to egress, volunteers have walked over
others, many have searched for friends and families before making attemptits to egress,
although not seated in the same vicinity. Similarly, seme participants managed to by-
pass others and come from the back to the front of the aircraft, some volunteers near
operational exits did not achieve the banus payments and a percentage of volunteers had
problems undoing seatbelts. Within the trials, the instances of panic have been negli-

gible whilst there was a notable number af voluateers who were uynable to move ie.
behaviourably inactive.

On a trial by tria) basis, the variation in terms of aggression, types of behaviour
displayed and consequently evacuatiocn times,was great. This 1ndicates the need 10

evaluations of thiys type, for a considerable number of repetitions to achieve reliable
and valid results.

In addition, the trials have indicated that the 1ntroduction of 1ncentive payments
cauld be of great value. The technique has the potential to provide statistical data,

required for the assessment of design options or safety procedures for use in emergentcy
situations

Since the volunteers tn the trials do not represent a cross-section of the travel-

l1ng public, 1t must be arqgued that in a real emergency the problems highlighted by the
findings could anly be waorse,
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In 1989 the programme of research is to be extended to 1nclude investigatiens of:
(a) The influence of the canfiguration at the Type 1| and Type 1L1 iqg orderly
evacUations, akin to those 1n aircraft certification demonstrations.
(b) The influeace of non-toxic smoke on the behaviour of passengers in the
assessment af the configuration st both the Type | and Type 111 exit,
it will therefore be possible 1o assess the impact of passenger behaviour on exit
routes when (1) passengers are exiting in an orderly manper, {1i) motivated to compete to
i egress and {(111)] in conditions involving smoke.
REFERENCES
&
1. Marrison, Muir and Taylor - "Passenger Evacvation - A Literature Review" (1987)
2. Rabsan "Passenger Behaviour in Aircraft Emergencies” (1973} Rayal Aircraft
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APPENDIX A,

— 20—

TEST 1 WIDTH BETWEEN THE GALLEY LIMITS
= 20 INCHES

TEST2 WIDTH BETWEEN THE GALLEY LIMITS
= 26 INCHES

)

— 27—

TEST 3 WIOTH BETWEEN THE GALLEY LIMITS
= 27 INCHES




TEST & WIDTH BETWEEN THE GALLEY LIMITS
= 30INCHES

T T

—— 3" —

TESTS WIDOTH BETWEEN THE GALLEY LIMITS
= 36 INCHES

TEST 6 LEFT SIDE GALLEY LIMIT REMOVED




TEST 1A SEAT PITCH - 29 INCHES
VERTICAL PROJECTION - 3 INCHES

TEST 1B SEAT PITCH - 29 INCHES
VERTICAL PROJECTION - 3 INCHES
(SEAT BACKS TO REMAIN IN A RIGID POSITION)




6” [7

32" 32" r

TESTZ  SEAT PITCH-32WNCHES
VERTICAL PROQJECTION - 6 INCHES
EQUIVALENT TO AN 79 REQUIREMENTS
WITH OUTBOARD SEAT REMOVED

( N\

[ 39“

TEST 3 SEAT PITCH - 397 INCHES
VERTICAL PROJECTION -13 INCHES

EQUIVALENT TO AN 79 REQUIREMENTS



__F L LU

TEST&  SEAT PITCH- 44 INCHES
VERTICAL PROJECTION -18INCHES

|

TEST S SEAT PITCH-S1 INCHES
VERTICAL PROJECTION - 25 INCHES




60"

TEST6  SEAT PITCH- 60 INCHES
VERTICAL PROJECTION - 34" INCHES

35-13



36-1

SMOKEHOQODS DONNED QUICKLY -
THE IMPACT OF DONNING SMOKEHQODS ON EVACUATION TIMES

J.H.B. VANT, Dip. Econ D., M.Phil,, PHD., MIAAPs., MBIM., FIPM.
Air Transport Users Committee, 2nd., Floor, Kingsway House, London, WC28 6QX

SUMMARY

765 volunteers aged between 18 and 50 took part in 9 simulated emergency evacuations in clear air and smoke with
and without ventilated smoke hoods. Analysis of differences between the experimental conditions, age, sex, seat
location, exit and test run showed that the key factor was seat location. While the wearing of hoods and the presence
of smoke both increased the evacuation times the interaction between these separate factors wag negative, indicating
that the use of hoods in the presence of smoke was less than the sum of the additional times attributable to ‘smoke’
and "hood’. A quadratic response surface model enabled the evacuation time for each seat 1o be predicted for each
condition and show that evacuation time increases with the distance from an exit and the aisle. It was concluded that
the wearing of smoke hoods should not significantly impede the ability of passengers tc evacuate an aircraft cabin
in an emergency.

SECTION ONE - THE INVESTIGATION

THE STUDY

The aim of the study waste observe and record the effects, if any, on timings and passenper behaviour of donning smoke
hoods during a simulated emergency evacuation of an aircraft passenger cabin in both clear air and smoke; to report
upon these observations and draw conclusions therefrom. It was planned that four evacuations would take place in
clear air (2 with and 2 without smoke hoods) and that six would be undertaken in ‘smoke’ {2 without smoke hoods,
2 with smoke hoods and 2 in an in-flight fire situation using siroke hoods). Therefore, the investigation centred on

the impact that the donning of smoke hoods might make on the overall timings of such events.

In terms of money and resources the overall cost of this study was in the region of £250,000. Funds and tnaterials
were donated by firms, local authorities, airline operators, trade unions, commercial radio, television services and
individuals in North America, the Pacific Basin, Australia, Europe and the United Kingdom. In excess of 1,500
individuals freely gave their time to fulfil the role of support staff and as participants in the tests. The Civil Aviation
Authority contributed £12 000 to cover the direct costs of the in-flight fire tests; the regulatory authority extended
its existing insurance arrangements to include the event and provided a time-expired engineless Trident III aircraft
from those located at the Civil Aviation Authority Fire School, Tees-side.

The test method was developed from the aborted take off evacuation demonstration procedures used by operators and
as many variables as possible were eliminated. It was agreed with representative of the Civil Aviation Authority that
the timing of individual tests commenced when the signal to evacuate the cabin was given to the cabin crew by the
controller and ended when the last participant crossed an exit threshold. Individual timings were treated in the same
manner. Thus it was possible to substitute ramps for slides as a means of descending from the aircraft fuselage to the
ground; this was seen to be a significant factor by the Medical Ethics Committee concerned and those providing
insurance cover. Furthermore, it was possible to ensure that the timings of the e¢vacuations were in no way clouded
by participants hesitating at the threshold of stides.

The participants fulfilling the role of passenger, for the tests which took place from the 27th of April to the 2nd of May,
1987, used the rear cabin of the time-expired engineless Trident I aircraft, The front cabin, stripped of seats, was
used for observation and the siting of special equipment. The seating configuration was standard six-abreast Coachf
Economy, all of which were fitted with seat belts. Eight five of the one hundred seats (appropriately identified) were
used to seat participants in the tests. The remaining fifteen seats were utilised for safety monitors/first aid assistants
and the siting of safety equipmenl. Seating was provided for two cabin attendants. However, it was not possible to
obtain shoulder hamesses for theiruse. A third cabinattendant was stationed at the public address microphone located
alongside the centre left entrance. The standard aircraft public address system was used.

Only the lefi centre and right rear exits were vsed for egress. Participants hnardad s atvaonfibomoomm e 200 7



No attempts were made to disguise the exits to be used during the tests. For reasons of safety the unused overwing
exits were sealed with protective (ape.

PASSENGER SMCOKE PROTECTION EQUIPMENT

Du Point PELS type smoke hoods were used for the study. While the design incorporales a breathable gas supply, for
the purposes of the tests the gas cylinder was a durmumy and unobtrusive ventiiation holes were provided. This hood
givesall round visibility so thatno specific oriemtation 1o the face was needed. Thecabincrew did notuse smoke hoods.

The smoke hoods were individually packed in yellow vinyl pouches taped on the rear of the passenger seats above
passenger serving trays. Where seals faced a bulkhead the pouches were laped (0 the bulkhead ata similar Jevel. The
flaps of the vinyl pouches were retained by a velero fastener and therefore exwraction of the smoke hood was simple
and easy.

SMOKE

The choking and irritant smoke encountered in aviation fires couid not reasonably be applied to those taking part in
the Tees-side tests. Therefore, with the intention of bringing about a change in behaviour on the part of participants,
non-toxijc theatrical white smoke, generated from six units placed at selected points in the cabin overhead stowage
lockers, was used.

The signatory (o the application to the Medical Ethics Committee, the observers from the Federal Aviauon Authonity,
the Exercise Controller, the Site Coordinator and the Safery Officer met on board the aircraft (o decide the appropriate
ievel of smoketobe applied. Smoke wasdischarged atanumber of timed durations ranging from five to thirty seconds.
In turn these discharges were related to the time required on each occasion to ventilate the cabin and regain an
acceptable level of visibility. In addition, a check was made to ascertain that, within a reasonable time limit, the fall
of smoke within the cabin was uniform. A ten second discharge of smoke proved to be the maximum that could be
produced while still achieving the time span set, by the Civil Aviation Authority Safety Officer, for regaining adequate
visibility in the cabin (i.e. visibility of all the participants in 25 seconds and 90% of ail smoke exhausted within a
minute).

In order to ensure that the condition in the “smoke with hoods tests would gain acceptance by the Federal Aviation
Administration in the United States of America, it was agreed with their observer that the cabin crew’s direction to
don hoods would be as the falling smoke reached the top of the seat backs. This decision - influenced by the belief
that in situations where smoke protection was available this was likely to be the longest period of time passengers
would tolerate smoke without donning hoods - was conveyed in a stalement made to the Medical Ethics Committee.

PARTICIPANTS
The requirements for insurance cover and the needs of the Medical Ethics Committee calied for participants to be
within the age range of [8to 50. Nevertheless, within such constraints endeavours were made 1o align the volunteers,

as far as practicable, to the North Adantic passenger patiemn; It was intended that 30% of each cabin load would be
female and that no simulated infants would be carried.

Eighty {ive participants took part in each test. They were volunteers from the North East of England recruited through
local radio broadcasts and other direct arrangements by Community Service Volunteers (CSV). Almost all came from
outside the aviation community and many had never flown. None had participated in an escape simulation within the
previous six months and none took part in more than one test.

Only 900 of the 1295 men and women recruited through the radio phone-in programme could be related to the test
requirements and difficulties were noted in readily obtaining male volunteers solely by this means. A shortage of
participants on the first day brought about the cancellation of the second test due to be undertaken on the 27th Aprl,
1987, Subsequent participant shortfalls, while not critical, impacted to some degrec on the intended participant
profile. However, il will be seen from the stalistical analysis that the effects of sex and age were not found to be
stgnificant and therefore it was possible to exclude these vanables.

Prior to being medically screened, all participants were given a general briefing on the event; thereafter they Wer¢
offered, should (hey wish to do so, the opportunity to withdraw from the tests. Participants were also required 10
complete a form of informed consent.

Parucipants were asked to complete questionnaires following the tests in an endeavour to determine their attitude :
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towards the smoke hood, solicit comments that might disclose general problems in relation to the equipment and
indicate the retention of the pre-flight safety instructions that were applied.

CABIN CREW

Three British Airways cabin attendants familiar with the Trident Il and the operation of its doors volunteered to take
part in'the tests; they were briefed on the exits 10 be used and the manner in which the tests were to be run. They also
contributed to the modification of the pre-flight briefings for “smoke hoods”. No flight deck crew were provided. A
standby cabin crew was made available by the French Cabin Attendents’ trade union.

PRE-FLIGHT BRIEFING

The standard pre-flight safety briefing was given with the addition, where appropriate, of smoke hood information.
Reference was made to the briefing cards which had been realistically adapted to show the cabin layout for the aircraft
utifised. Two sets were provided; one with the necessary smoke hood access and donning procedures, and another
without such smoke hood material for use in situations of clear air and smoke without hoods.

After the safety briefing, cabin attendants checked to ensure that seat belts were fastened and handed out newspapers
to those who wanted them. Thereafter, recorded engine noise was applied and time was provided for the participants
to settle down in the cabin.

TEST DURATION & THE EVACUATION

Each test and timing started on a predetermined signal from the Exercise Controller to the cabin attendant located in
the area of the left centre exit. This member of the cabin crew then issued the command over the public address system
to the participants to ¢vacuate the aircraft in a predetermined instructions which chimed with those currently vsed by
British Airways. The format of the commands used related to each of the test situations. As has been indicated the
timings of each test ended when the last participant left through either of the exits.

Six closed circuit television cameras and one heat seeking carnera were used to provide arecord of the tests. Two of
the cameras covered the exitexternally at the left centre and rightrear exits to the aircraft; a further two cameras covered
these exits from inside the aircraft and two other cameras covered internal longitudinal views from each end of the
rear cabin. A hkeat seeking camera also provided a longitudinal view down the cabin towards the rear of the aircraft.
The heat seeking camera was utilised to monitor participants during the tests utilising smoke as well as to maintain
a CCTYV record of such events for insurance purposes. The CCTV recorders used were able to set out the passage of

time at the bottorn of the frame of the picture, This infermation provided the basis for timing the tests as well as the
individua? times that each participant left the cabin.

SAFETY

Able bodied volunteers, drawn from the Durham County Fire Service, undertook the rotes of safety monitors/first aid
assistants. During the tests eight were seated and dispersed throughout the [ength of the cabin; a further four were
located at each of the two exits - two inside and two outside.  As a secondary role these men and women were asked
to endeavour to observe the behaviour of participants and the manner in which hoods were donned. Those positioned

outside the exits in use provided a back up timing record for the evacuation rate on a ten second interval basis with
step watches.

The Civil Aviation Authority Divisional Fire Officer undertaking the role of Safety Officer worked with the Exercise
Controller and had ultimate authority over all matters of safety. In this context he had abseclute discretion to (1) require
anything to be done or not to be done, before, during, or after any test and to (2) abort any test should he deem this
to be necessary at any time. He was required to satisfy himself that the Exercise Controller and the safety monitors/
first aid assistants understood their safety responsibiiities, and ensure that an ambulance, fire tender and medical
officer were always available during the tests. He used the heat seeking camera to assist him in monitoring events

in conditions of smoke. It fell to the Safety Officer to personally undertake a search of the cabin at the end of each
test to ensure that it was cleasr of participants.

Floor level lighting was instzlled in the rear cabin of the aircraft for use in each of the tests. While the established
cabin ventilation systems on the aircraft operated satisfactorily, two high powered electric fans, appropriately sited,
were made available to ensure the rapid extraction of the ‘smoke” used in specific simulated emergencies. Suitable
fire extinguishers were unobtrusively placed in both cabins on the aircraft. Similarly, fire extinguishers were made

available at the test site support centre, Dinsdale Hall, where they could be readily seen. Light weight resuscilation
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units were made available for immediate use an the aircraft and sited alongside the positions occupied by the safecy
monitors/first aid assistants. Smoking was not permitted on or alongside the aircraft.

Whenever the tests took ptace, fire cover, provided by a crewed lender from Tees- side Airport, was siled alongside
the aircraft. Two medical officers were always present during each of the tests; they were supparted by members of
St. John's Ambulance Brigade and two of the Brigade’s crewed ambulances.

ORGANISATION & ADMINISTRATION _

Establishing the test facilities at Tees-side Alrport calted for the involvement and collaboration of a wide range of
organisations, authorities ang contractors in the North Eastof England and elsewhere. Thus, over a four month period
it was necessary for specific members of the research team, based on Linacre College, Oxford, to frequently visit Tees-
side inorder to progress the necessary arrangements. The very able support of two members of the Media Action staff,
drawn from the Newcastle Office of the Community Service Volunteers, provided continuity at the locations in the
North East of England and made sure that the operational calender established for the event was rigidly maintained.

The test site at Tees-side Alrport was supported by an assembly area located some three and a half miles distant at
Dinsdale Hall. It was here that participants {(who had travelled by coaches from locations near their homes) were
briefed about the event, medically screened to ensure they were physically fit to take part in the 1ests, received a main
meal and compieted both their forms of inforied consent and the post-lest questionnaires,

The collection and return of the participants was organised by Community Service Volunteers drawn from Newcastle
who also provided “escorts” for each coach. The support for the medical screening of panticipants was provided by
nursing sisters and members of St. John's ambulance Brigade under the control of their Area Surgeon. Briefing and
the application of the post-test questionnaires was carried out by members of the research team while the payment
of participants expenses, al the rate of £5.00 each, was very ably underiaken by the Chief Executive of one of the
SpOnSOr companies.

The distribution of tea, colfee, biscuits and mid-day meals at Dinsdale Hall and at the Tees-side Airport dispersal site

was undertaken by the Women s Royal Voluntary Service. Their members also provided a sympathelic ear for those
participants who felt an immediate need to talk (o someone about their experience.

The immediate daily organisation of the aircraft at Tees-side revolved around the Exercise Controlier and the Site
Coordinator. The Exercise Controller, asenior officer from the Offshore Fire Training Centre at Montrose, supervised
the operation of the (ests. He was responsible for everything occurring on the area of the dispersal ground and inside
the aircraft; also for the safe conduct of each test. He gave the orders for the boarding of the participants, com-
mencement of the tests and the subsequent movement of the participants back to the support centre, Dinsdale Hall.
This member of the tearn was also responsible for the control of smoke generation; he was required to take direct
control of any real emergency and was authorised to abort a test whenever he judged this to be necessary. On the
compietion of each test the Exercise Controller supervised the preparation at the test sile for the following event. In
particular he ensured that the aircraft was clear of volunteers; the cabin had been valeted after each test and, where
appropriate, the passenger safety briefing cards had been changed.

The supervision of the support function was undertaken by a further senior officer from the Offshore Fire Training
Centre at Montrose who f{ulfilled the role of the Site Coordinator. He was charged with undertaking ail those tasks
which were not the direct responsibility of the Exercise Controller such as the reception, marshalling and movement
of participants, securing the availability of the necessary facilities other than those under the control of specialist
groups e.g. CCTV, contractors, et¢., together with the issue and return and safe custody of stores and equipment. When
advised that a test was due to commence the Site Coordinator was required to marshal all the external support staff
needed at the aircrafi and while a test was underway he was responsible for all aspects of safely outside the aircraft.

In terms of their roles, the Exercise Contolier and the Site Coordinator were the initial focal points for the safety
monitors/first aid assistants, members of St. John’s Ambutance and those members of the Woman's Royal Velunary
Service at the aircraft site.
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TEST PROCEDURE
Within the framework of the test method and erganisational arrangements the following test procedure was developed:

(a) In accordance with the CSV postal notifications participants are taken by coach from predetermined ocations to
the assembly centre at Dinsdale Hall,

(b} Participants receive general briefing on the tests.
{¢) Participants are medically screened and complete form of “informed consent”.

(d) Participants issued with identification nurbers (which are wom over their clothing) and thereafter they are
transported by coaches from Dinsdale Hall to the Trident III site at Tees-side Ajrport.

(e) Eighty five participants are randomly seated in the rear cabin, by the cabin crew. The Exercise Controller checks,
by visual inspection from his location at the centre exif, that the eighty five participants are present and advised the
CCTV mobile studio that this is so. Cabin crew close, but do not lock, the exits.

(f) Participants are given the appropriaie pre-flight briefing (i.e. with or without smoke hood information).

(g) Cabin crew check to see that all seat belts are fastened and record the seating positions of each of the participants.
(h) Recorded engine noise started and newspapers issued, by cabin crew, to participants at their seats.

(i) Teststarted with predetermined signal and timings comrmnenced on the aircraft by the Exercise Controller, with a
stop watch, and at the CCTV mobile studio by resetting the timing record.

(i Cabin crew act in accordance with British Airways routine safety procedures and announcements; in fest
environments using the ventilated smoke hoods, the cabin crew inform participants when to don the hoods.

(k) Timing of the test ends when the last participant leaves the aircraft across either of the cabin exits.

(1) Participants reboard the coaches and return to Dinsdate Hall,
{m) Post-test questionnajres distributed and completed by participants who are also verbally debriefed.

(n} Participants receive standard expenses payment, sign the appropriate receipt together with a statement that they
did not incur any injury while participating in the test

(o) Participanis return, by coach, to the locations previously utilised for their collection.

SECTION TWOQO - STATISTICAL ANALYS1S

THE DATA

Two sources of material were available for statistical analysis. The Closed Circuit Television tapes provided the times
that each of the tests commenced together with the times that the participants crossed the thresholds of the front and
rear exits. The questionnaires completed by the participants after they had taken partin the tests provided a series of
responses which could in most cases be related to the individual’s evacuation performance.

In a number of instances it was found to be very difficult to accurately identify the numbers wom by specific
participants as they crossed the thresholds of the exits and left the aircraft. Therefore it was necessary for British
Aerospace plc, who had made the recording at Tees-side, to underiake an appropriate listing, against imes of egress
for all runs, from the U-matic master copies then held by the company at Warton, near Preston.

It had been planned to duplicate each of the tests covering the five different conditions. However, as has been

mentioned eartier, with the shortage of participants on the first day it was only feasible to undertake the following nine
lests:



DAY RUN CONDITION

Clear air without hoods
Smoke with hoods
In-flight fire

Smoke without hoods
Clear air with hoods
Smoke with hoods
Smoke without hoods
In flight fire

Smoke with hoods
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The second run, ‘smoke with hoods’, was discarded from the analysis because the smoke on this occasion was
discharged for only seven seconds, A change in the wind at the time of the ninth run resulted in smoke being blown
il back into the cabin when the rear exit was opened. This brought with it a slow evacuation time at this exit. Initially,
| a safety monitor/first aid assistant attributed the increased density of the smoke to the delay in firing’ of a smoke
generator, forgetting that with electrically controlled switching all such generators were shut down together.
Nevertheless, the outcome was the creation of a condition that did not chime with the others employed at Tees-side
and the datsa it provided could only be utilised in a relatively small portion of the analysis.

A review of the CCTV tapes from the Tees-side tests showed that in the six lests using smoke hoods only two
participants were not wearing them when they left the aircrafl. It is known that one of these participants was seated
by an exit and therefore saw no reason (o don such equipment prior to evacuating the aircraft and the other had
apparently consumed a considerable quantity of alcohol between the fime of medical examination and the
commencement of the test and was intoxicated. As the ventilated simoke hoods had been readily donned without
significant difficulties, and with recognition that only limited funds were available, the initial analysis of the
participants answers to the post test questionnaire was resmicied to those concerned with claustrophobia - a task
involving the coliation of more than 2,000 responses.

THE STATISTICAL ANALY SIS OF EVACUATION TIME DATA*
$ The following analysis was conducted using a data set provided by Dr J HB Vant which contained the age, sex, seat
occupied, exit used, exit order, claustrophiobic status and evacuation time of each participant in each of the
L. experimental conditions. Asexplained in the text of this report, there were problems with the experimental conditions
' of runs 2 and 9 and these are not included in the present analysis.

As a preliminary to the main anal ysis of the data the effects of the experimental conditions, the location of seat within
the aircraft, the exit used, the age and sex of the participants on the evacuation times were examined. The effects of
sex and age were analysed after removing the effects of seat location, exit used and run and neither was found 10 be
significant. In the further analysis of the differences between the runs, exit used and location of seal in aircraft
therefore, the variables sex and age were excluded. Furthermore, after taking account of the location of the seat in the
aircraft the exit used was not significant indicating that the latter was almost completely determined by the former.
For the these reasons, the analysis of the differences between the experimental conditions which follows concentrates
on the key factor, the tocation of the seat occupied.

H For the purposes of this analysis, the location of each seat was designated by two numbers: x, the row position counting

| from front to rear and y, the position in row counting from lefi to right, so that the front row is row 1 and the lastrow,
! row 17. In each row, therefore positions | and 6 were window seats and 3 and 4 aisle seats.
)

The main analysis considered the evacuadon times measured for each individual in each run under the four main
N different experimental conditions, excluding for the moment inflight fire. This analysis allows for the separale
estimation of effects of smoke {§) and hoods (H) and the interaction (S x H) between these factors. In order to balance

*Kindly undertaken by R W Hioms, M. A PhD., FIMA, FBCS, Feltow of Linacre College.
{Atthe request of the majonity of the sponsors, 1he data sct has been retained at Oxford.)
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the design for this analysis, four of the runs were used, one each in clear air with hoods and without hoods and one
each in smoke with and without hoods. These runs were numbers 1, 4, 5 and 6, respectively. (Examining the times
for the occupants of corresponding seats inruns4 and 7 and performing pairwise tests showed no significant difference
and as runs 4 and 7 were similar, run 4 was used in this part of the analysis to represent the condition with smoke and
hoods both present).

The results of this analysis indicate that the wearing of hoods and the presence of the smoke both increase the
evacuation times. Theeffects of these main factors, were very highly significant. Theinteraction between these factors
was significanf and negative, indicating that the use of hoods in the presence of smoke had an effect on evacuation
time which was less than the sum of the additional times atributable to the separate factors 'smoke’ and 'hood'.

Table 1: Estimated additions to evacuation times

Effects: | hoods (H) smoke (8) Interaction (S x H)
5.12 6.25 -3.73
(1.84) ( 1.84) (1.84)

The values shown are the estimated additions to the evacuation times (in secs.) caused by the presence of smoke and
hoods separately and the combination of both these conditions, as they were experienced in runs 1,4,5 and 6. The
numbers in brackeis are approximate standard errors for these estimates.

Another approach to the determination of the effects of the two factors, using a quadratic response surface model,
enables the evacuation time for each seat position to be predicted for each condition. Unlike the balanced design
analysis employed above, this analysis can make use of all the experimental runs (except runs 2 and 9 as explained
above). The time taken to evacuale increases with distance from an exit and consequently the time increases from the
front towards the middle rows and also from the rear towards the middle rows. Likewise the time increases from the

window seat towards the aisle seats. The model is a best fitting quadratic surface model using the row and position
within a row as coordinates.

The fitted model equation for prediction of the evacuation timne, t (in secs.) is
2 2
t = C+ 1087x - 79y - 059x + 1.13y

where x is the row (from front to rear) and y is the position in a row (from Jeft to right) and C is a constant deter-
mined as indicated below:

clear air 0.102
clear air with hood 7.091
smoke B.214
smoke with hood 11.469
in flight fire 5.393

The above values were obtained by an analysis of covariance applied to all runs except run 9 using x and y in the
quadratic response surface model as concomitant variables. These results confirm the estimates obtained from the
balanced design analysis above which showed the increased times due to the presence of the hood and smoke factors
in the experimental conditions. The details of the calculations are given below:

smoke effect =((8.214 - 0.102} + {11.469 - 7.091})/2 = 6.245
hood effect =((7.091-0.102) + (11.469 - B.214))/2 = 5.122
smoke x hood interaction = -(8.214 - 0.102) + (11.469 - 7.091) =-3.734

The standard errors for these estimates are, however slightty higher (2.53 instead of 1.84) than those for that analysis
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in view of the addition of the variability about the overall fitted swface to the residual variance in the analysis, The
former estimates, with their smaller standard errors, may be preferred for making interpretations of the effects of the
different factors.-

The analysis of the subjects by clausttophobic group showed that there was no over-representation of claustrophobics

in any-particular run, nor did they have higher evacuation times than others. Table 2 shows the evacuation times for
those runs in which hoods were womn by claustrophobic group.

Table 2:  Claustrophobic category

Run Not at all Slightdy Moderately Very

Run 3 time 323 313 323 16.4
no. 55 16 1 1

Run 3 1ime 324 398 _ 234
no. 70 7 o 1

Run 6 ume 347 45.9 353 57.2
no. 65 16 1 1

Run 8 lime 3.0 40.0 38.9 50.6
no. 56 20 6 2

The mean evacuation times (1) are shown together with the number (n) in each
category of clausttophobia.

SECTION THREE - DISCUSSION

PERCEPTION OF THE TEST ENVIRONMENT

There may be some similarities but nearly every aviation accident has a different cause. Fire and smoke are effects
common (o many aviation accidents. Nevertheless, the impact of choking and irritant smoke, together with the heal
and the terror experienced by passengers in situations of aviation fire can never be effectively reproduced in test
situations involving human beings. Therefore it must be accepted that the effects of these factors can not be readily
assessed by the tests empioyed in this study. However, with the carefully defined aim itis possible to gain a significant
measurement of the impact of wearing hooeds on the overall evacuation times in clear air and smoke; thus, the product
of a study of this nature can do much to dispel misconceptions and contribute the preservation of life in the future.

The general effect of the smoke* was that the harder the participants found it to see in this condition, the longer the

*Immediate Reactions to the Smoke: During Operation Bxit a number of abservations were made by panticipants. A man taking part
in run 2, “Smoke with Hoods", which was discounted for purposes of the investigation because the discharge of smoke only lasted seven
seconds, wrote:

“Professional Observations which may be of use (Safety Practitioner}

Noled many people waiting for instructions 1o put on hood ¢ven though they were siling in dense smake.

1 autematically kept Jow in (he smoke, and was able (0 see amber lights in the Moot of the aisle (presumed (o be lead-out lights) Icould
not communicate 1o others around o tead out of the dense smoke (see Q.35). Your observation may show a time gap between myself
and the person in froni exiling from the plane. 1 stopped (o investigate a pair of legs (casualty) about 4 seats from the front and turned
out 1g be an observer ([ hope!) Very embarrassing - I tried (0 leave my seat without unfasiening the belt.”

Another participant, afler taking part in a test employing the same condition, wrote, “ . . by the ume we were out of our seats
it was impossible for us to see ahand in front of us™. Others reported participants climbing over the backs of the scals fumbling to release
seal belis and geutng in their way as they endeavoured 1o reach an exil.

A funther comment regarding the selected level of smoke was marde on behall of the Chicl lnspector of Accidents, Acci.d-:nt
Lnvestigation Branch, Department of Transper, by Mr EJ Trimble, who wrole © .. _in the large scale Tees-side tests using naive SUbJ‘fC‘S
this pacticular question had (o be approached with the utmost care due (o the possible effects of isolated or more general adverse reaction
by these participating in the evacuation in “smoke™.” He went on to express the view that the level selected was absolutely CO”‘:_‘:‘ and
added that™. it would have been difficult to contend with any degree of cenainty that {a) much reduced visibility would have SCF]OUS]{
affected donning time of the sinoke hoods, the prime focus of Operation Exit, since their stowage was directly wn frant of cach “passengef
w arms reach ”

1
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evacuation times. A relatively smatl number of participants reported that they encountered difficulty in breathing in
conditions where the smoke was appli€d. It is possible that this may have caused by a combination of stress and the
“musk” odour of the smoke used at Tees-side. The reaction by some participants to the smoke and the reports of
sensations of claustrophobia (covered earlier in the statistical analysis) chime with those emanating from people who
have been confronted by fire and the associated toxijc fumes and gases. During some evacuations it was noted that
a nurnber of individuals had difficulty in releasing their seat belts; some observed a small number of participants
climbing over seats in their efforts to leave the cabin while a number of participants encountered others getting in their
way as they tried to leave the aircrafi.

STATISTICAL ANALYSIS

The preliminary statistical analysis concentrated on the effects of the experimental conditions, the location of seat
within the aircraft cabin, the exit used, the age and sex of the participants on the evacuation times. This identified the
focation of the seat as the key factor and provided a firm indication of the direction to be taken for further statistical
work. Thus the main analysis, utilising a balanced design, considered the evacuation times under the four different
expertmental conditions, excluding for the moment inflight fire. The separate estimates obtained for the effects of
smoke and hoods and for the interaction between these factors, indicate that the wearing of hoods and the presence
of the smoke both increase the evacuation times. However, the interaction between these factors was negative,
indicating that the use of hoods in the presence of the smoke had an effect on the evacuation time which was less than
the sum of the additional times aitributable to the separate faciors ‘'smoke’ and *hood’.

It will be recalled that when participants donned the ventilated stnoke hoods in conditions of smoke, their subsequent
evacvation, observed by monitors, support staff and others, was much more orderly than during an evacuation taking
place in smoke without hoods. Comments made by a number of the participants, after taking part in tests involving
the donning of the smoke hoods in a condition of smoke, indicated that they were unaware that the equipment was
ventilated. The view is held that because participants felt that the ventilated smoke hoods gave protection from the
smoke the confidence this gave them brought about a more orderly and therefore quicker evacuation.

Afurtherapproach - adopted by Dr. Hiorns to determine the effects of the two factors, used a quadratic response surface
model and made use of all the experimnental runs except 2 and 9. This enabled the evacuation time for each seat position
to be predicted for each condition and showed that the time taken o evacuate increases with distance from an exit and
an aisle. The model is a best fitting quadratic surface model using the row and position within the row as coordinates.
In turn, it was possible to proffer the fitted model equation for prediction of evacuation times.

The statistical analysis undertaken for the study differs from the traditional method, based on an analysis of basic

evacuation times. It is felt that the utilisation of such an approach could offer information of value for those seeking
to review evacuation tests.

HOOD DONNING

At the outset it was clear that some saw a specific hood donning time as a necessary outcome of the Tees-side tests.
However, the aim of the study setoutin the test protocol developed with the Civil Aviation Authority, and subsequently
approved by this regulatory authority, was related to observing and recording the effects, if dny, on timings and
passenger behaviour of the donning of smoke hoods during simulated evacuations of an aircraft passenger cabin in
conditions of clear air and smoke. Thus, the investigation centred on the impact that smoke hoods might make on the
overall timings of such events rather than to provide measures of hood donning time.

As has been mentioned eartier only two out of 510 people required to wear ventilated smoke hoods during the tests
left the aircraft without donning a hood. While safety monitors/ first aid assistants noted that some were alittle slower
than others in placing the hoods over their heads, the participants did not appear to encounter significant difficulties
when donning the ventilated smoke hoods used in the tests,

Some of the participants were reported to have donned (he ventilated smoke hoods on first sight of the smoke rather
than wait for the directions of cabin staff. 1t will be recalled that the evidence provided by the Air Accidents Investiga-
tion Branch of the Department of Transport, at the inquest on those who died at Manchester nearly three and a half
years ago, indicated that it was necessary that smoke hoods should be close at hand and under the control of passen-
gers. Clearly the participants behaviour during this study confirmed that in circumstances where smoke hoods are



thus, it can be argued that hood donning time lacks the significance that many atiribute to it.

Nevertheless, hood donning plays a part in the development of the specification for passenger protective breathing
equipment and the data drawn from the Tees- side tests reveals the increased times due to the presence of the ‘hood’
and the ‘smoke’ factors. Study of the CCTV tapes from the Tees-side study, where the equipment was with easy reach
of the participants, leads one to believe that the majority of the participants donned the ventilaled smoke hoods within
some ten seconds.

In turn, the Tees-side study has shown that the speed at which smoke hoods are donned is influenced by the motivation
of the individual to don the equipment, the ease at which such equipment can be worn and the effectiveness of the in-
struction provided during the passenger safety briefing. These factors are taken into account in the Civil Avialion
Authority specification number 20 (Specification for Passenger Protective Breathing Equipment (PPBE - Smoke
Hoods).

SECTION FOUR - CONCLUSIONS

Asa preliminary to the main analysis of the data, the effects of the experimental conditions, the location of seat within
the aircraft, the exit used, the age and sex of the participants were examined. The cffects of sex and age were analysed
after removing the effects of seat location, exit used and run; neither were found 1o be of significance. Therefore it
is concluded that the inability to maintain the exact recruitment targets did not impact on the findings of the study.

After taking into account the location of the seat in the aircraft used, the exit used was not significant indicating that
the latter {i.e exil} was almost completely determined by the former (seat location). For thisreason, and that the effect
of age and sex were not significant, it was concluded that the analysis of the differences between the expedmental
conditions should concentrate on the key factor, the location of the seat occupied.

Statistical methods concentrating on the key factor encountered in an evacuation study permit the application of
techniques based on quadratic response surface models. 1t is concluded that such models provide a very much more
useful information than the staiistical methods based on the analysis of evacuation times,

The smoke used at Tees-side could not reproduce the choking and irritant characteristics of the smoke encountered
in aviation fires, a factor which is likely to increase the time taken by those rying te evacuate an aircraft cabin in the
condition smoke without hoods. Itis expected thatin such a condition the difference between evacuation times would
be wider. Nevertheless, the application of the smoke did bring about a3 measurable behavioral change in terms of
extending the evacuation times. It is therefore concluded that for the purpose of the study the form of smoke used
was satisfaciory.

Five hundred and ter individuals were called upon to don ventilated smoke hoods during the course of the study. As
has been stated, only two people left the aircraft without a hood; one was seated alongside an exit and saw no need
for a smoke hood in such a location at the time of the evacuation; while the other had apparently consumed a
considerable quantity of alcohol between the time of medical examination and the commencement of the test.
Therefore it was concluded that the preflight briefing devised for passenger protective breathing equipment was
satisfactory and that the ventilated smoke hoods used for the study were easy to don.

A number of people taking part in the tests in condidons where ventilated smoke hoods were worn reported some
feeling of claustrophobia. However, these participants together with others who did not experience this phobia left
the aircraft in an orderly manner.  Analysis of subjects by claustrophobic group showed that there was no over
representation of the claustrophobics in any particular run, nor did they have higher evacuation times than others. 1t
is concluded that this phobia was not an inhibiting factor in the case of those taking part in the Tees-side tests.

It was observed that on donning smoke hoods in conditions of smoke a mare orderly evacuation took place than in
a condition of smoke without hoods. 1t is therefore concluded (hat the donning of the ventilated smoke hoods ave
the participants a feeling of protection from the smoke and the confidence Lhey gained from this act brought aboul 2
more orderly evacuation.

The study centred on the impact that donning of ventilated smoke hoods might make on simulated emergency J
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evacuations of an aircraft passenger cabin in conditions of clear air and smoke rather than to provide measures of hood
donning time, In circumstances where passenger smoke hoods are near to hand, hood donning time lacks the
significance that many attibute to it.  Nevertheless, hood donning time plays a part in the development of
specifications for passenger protective breathing equipment and data drawn from the Tees-side tests provides the
increased times due to the presence of the hood and the smoke.

The statistical analysis indicates that the wearing of smoke hoods and the presence of smoke both increase the
evacuation times (Smoke hoods 5.12 and Smoke effect 6.25 with standard errors of 1.84). The effect of these main
factors were highly significant. Nevertheless, the interaction between these factors was significant and negative. (-
3.73 with a standard ecror of 1.84), indicaling thai the use of the hoods in the presence of smeke had an effect on
evacuation time which was less that the sum of the additional times attributable to the separate factors *smoke’ and
‘hood’. The ventilated smoke hoods were located within easy reach of the participants. It is known that on first sight
of smoke some donned the ventitated smoke hoods prior to receiving directions from the cabin attendants and many
may have perceived that the ventilated smoke hoods aftorded protection, in furn, bringing with it a more orderly
evacuation. For these reasons it is concluded that the wearing of smoke hoods should not significantly impede
passengers, ability to evacuale an aircraft cabin in an emergency.

It is suggested that the preoccupation with evacuation times, with and without smoke hoods, has led to the main point
being missed. Thetests show, as did those undertaken by the Federal Aviation Administration in 1969, thatevacuation
in conditions of smoke takes much longer and thus protection is necessary from smoke particles, toxic fumes and
gasses for some passengers to survive.
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ELIGHT CREW TRAINING FOR FIRE FIGHTING
by
Einst-Albrecht Limley
Manager Lufthansa Emergency Training
Rhein-Main-Airport
D-6000 Frankfury/Main 75
Germany

SUMMARY

This paper contains a description of Lufthansa emergency training aspecis for Ilight-and cabin crews in
cespect to fire fighting. It addresses topics as preventive measures, on board fire Tighting equipment, measures
in case of an on board fire, training for actual fire fighting and fulure developments.

(NTRODUCTION

The emergency training of flight and cabin crews deals with a variety of impertant topics such as passenger
evacuation, decompression, sea survival after airplane ditching or survival in arctic or desert regions. If ques-
tioned, however, most crewmembers will state that an inflight fire poses the highest threat to aviation. This 15
a scenatio which crews fear most. There have occurred some latal accidents which we well remember, e.g. the
Saudia L~1011 case in Riyadh, the Air Canada DC-9 burning out after landing in Cincinnati and - lately - the
Main Deck Cargo Fire on the South African B747 Combi resulting in a crash near the island of Mauritius, Cne
thing, however, should be made quite clear Tfrom the beginning:

Flight- and Cabin Crews have onily the facilities 1o hight fires in an early phase. No one in an airplane presently
has a chance to fight successfully a fire which has already spread into an inferno. One important aspect of
flight crew training therefore consists also of prevention rather than on fire fighting only.

1. PREVENTIVE MEASURES
1.1. Irregularities during Flight

Our flight atrtendanis are trained that any unusual obsetvations, malfunctions or any defects related to
electrical equipment have to be reported to the cockpit ciew. Also resetting of circuit breakers is lorbidden,
unti! the cause for the malfunction has been clearly determined and the situarion has been corrected.

How important flight attendants are in this respect, may be illustrated by the following example. During landing
a flight attendant had the impression of some lght flashes coming from the galiey area. Since the sun was
shining through the window it might have been a wrong observation. Afier removal of some galiey installations
a wiring was detected with partly missing insulation. The light flashes which the cabin attendant was not sure

of were produced by the sparks of the imermittent short circuits produced by the faulty wire. A good example
for prevention?

1.2. Qbservation of Cabin

Smokers aboard an airplane are undoubtedly a risk factor, for instance when falling asleep while smoking,
disposing cigarettes on trays or in waste boxes, or when smoking in restricted areas as toilets. 1t iz the dury
of cabin attendants to keep an eye to all possible risk factors expecially during night.

1.3. B747 Main Deck Cargo

Lufthansa is the largest operator of B747 Combi airplanes. These airplanes are able to cartry up to seven 10

fr containers in an aft section of the airplane. Instead of containers very often freight is transported on pallets.
What prevention can be done here?

It is our procedure that the fire fighting crew is selected by the captain before departure and that a visual
inspection of the loading in the cargo area is performed befote 1akeoff. These preveniive measures can be

done without any time pressure and under optimum visibility condition, whereas with a spreading fire time is
short and visibility may be impaired by dense smoke.

1.4. Technical Equipment

1.4.1. Smoke Detectors

The areas in a passenger airplane, where a fite may not be detected in time or areas which are not acces-
sible, are usually equipped with smoke detectors. They are installed in lavatories, cargo holds or also in the
Main Deck Cargo Compartments. When properly maintained, these sysiems provide a4 warning in most cases
earlier than the human senses. However all those warning sysiems are useless if due 1o wrong wiring the f{ire

is really existing in a diflerent area than the warning is indicating. You will rememeber some of these findings
after the British Midland B737 crash.

1.4.2. Fire Extinguishing Systems

Generally those areas, which are not accessible or which have proven 1o present a high fire nsk, are equipped
with extinguishing systems, that aie activated either manually from the cockpit {afier receipt ol warning) or
aytomatically by melting of a temperature fuse. When passengers put their cigarettes into the toilet waste
boxes and caused there some fires, we staried 1o install in the waste boxes automatic fire extinguishing systems



which are activated if temperature exceeds 80 degrees Celsius. Cargo hold area fire extinguishing agents are
controlled manually from the cockpit. The agent is Halon 1301 for those stationary systems Halon is one of
the most effective fire fighting substances we know. For the B747-400 Main Deck Cargo Compattment probably
the FAA will require a Halon {ire knock down sysiem.

2. ON BOARD FIRE FIGHTING EQUIPMENT

Lufthansa has spent considerable time some years ago for Emergency Equipment- and Procedure Standar-
dization. Cue ta that work all cabin attendant stations on our different atiplane models are equipped identi-
zlly. Each cabin attendant station has a [ kg Halon 1211 {ire cxtinguisher and for fire fighting under dense
and toxic smoke condiions an oxypen bottle with corresponding full face mask. Mare than the minimum requiced
number of fire extingwshers is carried, e.p. ten 1 kg MHalon fire extinguishers are on board a Lufthansa R747
Combi atrplane,

In addition ene 2,5 kg Halen extinguisher is carried in the Electronic Equipment Compactment and ons 7,5 kg
Halon extinguisher in the 1747 Main Deck Cacge Compartment. Mo other types of fire extinguishers {water
etc.) are carced, so that crews do not have a selection problem.

In order to enable the flight deck crew o perfarm their duties even under smoke or taxc fumes, there are
full face masks or - on newer airplanes - combined quick donning and full face masks available.

Useful other equipment for fire fighting such as crash axe, crow bar, proiective gloves, smoke goggles and a
safety rope (B747 Main Deck Cargo Compariment only} is distributed throughout the airplane cabin and the
cockpit.

3. MEASURES IN CASE OF AN ON BOARD FIRE
3.1. Cabin Fire Procedurs

Each standard cabin attendant station 1s equipped with the Cabin Fire Procedure (Figute V). The ares
enclosed by thick black lines has to be known by heart. The most impottant aspect for successful fire fighting
15 to localize the source of a {ue and then te fight 1. To empty a fire extinguisher for instance into a smoke
filted 1oiler withour hitung the fire source 15 of no use at all. If needed for e.g. tadet fire fighting a full
face mask and oxygen bortle have (o be wed. An important task of the fire fighting attendant - called firer
Ca in our procedure - 15 to <all 3 second {light attendant., Thiz attendant has to inform the purser and the
rest of the cabin crew, so thal necessary other steps are ininated without delay. Some of these ase:

- Commumcation of all relevant information to cockpit crew through purser
- Switching off all electric connections in affzcred aiea
- Directing passengers away near fire laocatuon

- Ensure avallability of reserve firc extinguishers and oxygen bottles, but removal of all oxvgen hoitles near
fire location,

- Dnrecting passengers 10 Lreath through wet cloth
- Watching affected arez closely for reignition aftrer successfull fire fighting.
For the underfloor galley of our Condor DC-10 we have a special progedure as well as for 8747 Main Deck

Carge Fire fighting. The procedure in figure 2 has heen changed short time age after a vest of our old Mair
Dack Cargo Fire procedure. Pamary peints of concein were:

-~ Consumption of too much time before cargo compartment was entered for fire {ighting

- Difficulties with safety rope {gordian knot and problems to move freely for the fire {ighting attendani}
~ Problems with oxygen bottle and full [ace mask (hindering movement, too httle endurance time with approxi-
mately 10 minutes of oxygen, no direct communication e.t.c.)

Our goal is 1o equip our B747 Combr airplanes earlier than the complete fleet with smoke hoods and 1o inte-
grate mike and earphone into te hood for verbal communication of the fire fighters with the puiser ourside of
the cargo compartment. The purser then will be responsible for communication with the cockpit.

3.2.Cabin to Cockpii Communicaiion

Many accidents have proven, how vital communication 1s between cabin and cockpit personel. For this reason
cabin and cockpit crews arg trained tegether at Loufthansa. In our annual emergency refresher training we
have lately used a film with the title "Flash Fire" that was produced by Lufthansa based on the NTSA report
of the Air Canada DC-9 accident in Cincinnati. If somebody 1s interested in that fum, it may be wiewed at a
suitable time after the meeting. The lessons we have learned from that accident are:

- n case of fire ao time shall be wysted for preparanion of an emergency landing
- fire extinguishers shall only be used after Joczhzation of fire sourco.

- econflicting informanens o cochpu crew such as "1 ihink the siuation is under comtral singe rhe smoke i3
clearning away" shall be awvoided

- cicewt breakars shall net be reserted without veoficauen of the malfunciion.
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4. TRAINING FOR ACTUAL FIRE FIGHTING
4.1. Mockup Training

In all of our training mockups in Frankfurt we have the possibility to generate smoke, to light artificial
firtes and to check if a2 crew member has determined the fire source and extinguished the fire successfully.
The artificial smoke we use is a cosmelic smoke as used in theatres or in discoltheques and it is nontaoxic
according 10 manufacturer and laboratory lindings. The disadvantage of that smoke is that it is “"white smoke"
and that it tends to stay on the ground when no airdisturbances exist. This is in conflict to real fires, where
the smoke is exiending from the ceiling 10 the botrom.

The [fire simulation is done by some yellow and red flickering lights. With smoke present it provides a fairly
good impression of a real fire. The fire fighting action is simulated with original fire extinguishers [illed with
air.  the airstream coming out of the nozzle is correctly direcied to the flickering bulbs, it passes a heated
resistor. When this resistor is cooled off sufficiently, the fire goes out. It lights up automarically afier a
selectabie time interval in order to save the reset switching for the instructor if another crew member is
trained.

The locations for these fire simulations are in the cabin, in the toilet (with the need to open access panels)
and in waste boxes. A speciality in fire training is our Main Deck Cargo Compariment mockup, where the
respective fire fighting procedure can be trained (donning of full face mask, opening crash net, geiting neces-
sary equipment, locate and extinguish artificial fires under smoke environment). We will change this facility
to better simulare real airplane conditions {especially simulating the confined space).

5.2. Real Fire Fighting

In order to gain confidence in oneself and the esquipment we think it is essential that crews extinguish
teal fires from time to time. As most airlines we have a fire training place where we light up a pan filled
with fuel. Only correct handling of an extinguisher will guarantee success in the Fire fighting. Most mistakes
yau may observe are holding the fire extinguisher not in an upright position, attacking [ire from ioo far or
too near distance, directing Halon not to the fire base and overestimating the spray time of an extinguisher
(around 6 sec for 1 kg Halen extinguisher). 1 would like to point out all those zirlines in possession of a fire
fighting house such as e.pg. Air France, KLM and Swiss Alr, since their training is independant from weather.
Since Halon, however, belongs to these substances which damage the Ozon layer on earth, we have to find
solutions for realistic training without environmental pollution. Presently the fire fighting houses need tremen-
dous maintenance elforis due to the aggressive combustion products when using Halon. Also the problem of
accidents from acid drops falling eventually on trainees or trainers seems not to be solved successfully. In
the meanwhile we have changed the times for fire fighting exercises from a two year 1o a three year basis
for environmental reasons.

6. FUTURE DEVELOPMENTS
6.1. Smoke Hoods

Quz company has tested the smoke hoods of 7 manufacturers under typical conditions during fire fighting.
Though the German legislation does not yet require these smoke hoods on board of our airplanes, we have
seen that these boods offer considerable advantages such as longer oxygen duration, quicker donning, better
communication and free movement capability.

6.2. Beiter Flammability Standards

The new FAA requirements will further enhance survivability in accidents related to fites and are an
important step into improved cabin safety.

6.3. Cockpit Equipment

The combination of quick donning and full face mask is a step into the right direction to replace in
future smoke goggles and quick donning masks.

6.4. Smoke Hoods for Passengers

It is uncertain, if these devices will be introduced and if they generally may help to save lives. Being
familiar with several kinds of emergencies | as an individual person would be in {avour for such an equipment,
because it would imptove my chances for survival. For Lufthansa a solution would be preferable which combines
the usability of present masks for decompression and passenger smoke hoods. This would, however, need a
complete redesign, since masks should be detachable and should no Jonger have the design feature to mix air
{or fume in case of fire) into the supplied oxygen.
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