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SUMMARY

Analysis of all NATO member air transport accidents, 1964-1975, revealed that injuries and fatalities,
when such information could be determined, were primarily due to the post-crash effects of fire, smoke and
toxic fumes, and secondarily to crash impact. Future air transport design trends were reviewed, and approx-
imately 150 advanced crash-impact and emergency-egress concepts, devices, and state-of-the-art techniques
were evaluated. These included occupant restraints, smoke hoods, aisle and egress emergency 1lighting,
passenger warning systems, escape slides and devices, heat shields, high-energy emergency egress systems,
and emergency inflight egress systems. It was concluded that rear-facing passenger seats, the NASA Ames
(214G 45+G;) airline seat, and the production Sheldahl smoke hood can provide significantly improved occu-
pant protection, while high-energy emergency egress systems appear promising for future aircraft. More
research is needed to improve passenger warning and public address systems. Concepts of emergency inflight
egress are not yet feasible, although technically within the state-of-the-art.

SOMMAIRE

Une analyse de tous les accidents aériens ayant eu lieu entre 1964 et 1975 et concernant les pays
appartenant a 1'0TAN a révélé que les blessures et les fatalités, lorsque ces renseignements ont pu étre
relevés, ont résulté principalement des effets d'incendie, de fumée, et de fumes toxiques apres 1'écrase-
ment. Les tendances dans le dessin futur des transports aériens ont été évaluées ainsi qu'environ 150
conceptes comprenant des conceptes apres-écrasement et des dispositifs avancés et techniques actuelles
pour les sorties de secours. Cette evaluation comporte les contraintes de passagers, les capuchons anti-
fumée, 1'illumination des couloirs et des sorties de secours, 1'avertissement des passagers, les toboggans
et dispositifs de sauvetage, les protecteurs thermiques, les sorties de secours E) haute énergie et les
sorties de secours en vol. On a conclu que des sieges disposés dos contre dos, le siege NASA Ames (+21Gy
45Gz), et les capuchons anti-fumée She]dah] peuvent fournir une me111eure protect1on au voyageur, tandis
que les systemes de sortie de secours a haute energ1e semblent s'annoncer bien a 1'avenir. Plus de re-
cherches seront nécessaires pour améliorer les systemes de communication publique. Les conceptes des sor-
ties de secours en vol ne sont pas encore satisfaisants, quoique du point de vue technique ils sont dans
les capacités de 1'état-présent des recherches.
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- 1. INTRODUCTION

1.1 Background

Crash impact experience in current civil and military air transport aircraft operations indicates
that many injuries and fatalities occur that might have been prevented or reduced with improved occupant
protection techniques. While considerable attention has been given to improving occupant escape and
crash survival in military fighter and helicopter type aircraft, as well as the recent focus on improving
occupant crash safety standards in automobiles and other ground vehicles, relatively 1ittle attention has
been given to providing similar protection for the air transport occupant.

During the past few years there has been an increased emphasis on studies relating to crash impact
protection, emergency egress, and survival, resulting in developments which have greatly advanced the
state-of-the-art. Some of these advances have resulted in spin-offs from aerospace technology, others
have been spurred by identification of specific deficiencies in analysis of current accident experience,
and many have resulted from efforts of the Department of Transportation to improve occupant protection in
ground vehicle accidents. However, no single published document has previously attempted to bring togeth-
er and evaluate systematically those developments in the state-of-the-art which might have especial appli-
cation to crew and passenger crash safety in air transport aircraft.

A basis for evaluating the particular areas where increased protection is necessary in air transport
crashes can best be determined by analysis of previous accident experience. Unfortunately, these areas
often receive 1ittle attention until a major air disaster emphasizes the problem and spurs research for a
solution. An example is the serious deficiency of emergency warning systems and crew-passenger communica-
tion which was evident in the ditching of a McDonnell Douglas DC-9 jet transport near St. Croix, Virgin
Islands in May, 1970. In this ditching the public address system was inoperative from flight deck to
cabin and no ditching warning (after a 10-minute warning) was given to either passengers or some crew.
This resulted in numerous injuries to unrestrained passengers standing in the aisles still donning life
jackets at the time of impact [National Transportation Safety Board, 1970; 1971; 1972 (10-12)].

An analysis of civil air transport accidents from 1957 through 1967 resulted in the estimate by
Caldara that 35 to 50% of the 794 non-survivors of survivable air carrier crashes could have been saved
had adequate egress been available (4). Some three-fourths of the exits available were not used, due to
jamming from fuselage distortion, blockage, fire, or other reasons. Studies of air transport evacuations
during major crashes have shown that the primary cause for fatalities has been attributed to inhalation
of smoke, toxic fumes, and fire. At present no protection at all is given crew or passengers under fire
and smoke egress conditions, although work on improving flight-deck crew masks has been initiated. Thus,
a major section of this report brings together the state-of-the-art of smoke hood devices. Previously
such information has been unpublished, or scattered in technical reports, and difficult to locate.

Space technology has resulted in many concepts and techniques which might have application to in-
creased afr transport crash safety and passenger 1ife support. An example of potential application of
space technology to air transport crash-fire protection is illustrated by the Apollo spacecraft develop-
ment of fire-retardant materials such as polyisocyanurate foam and an intumescent paint which acts on
ablative principles to provide additional thermal protection. Recent work by the National Aeronautics
and Space Administration (NASA) has taken the approach of heat shielding the passenger compartment by a
fire-retardant shell using the above foam and paint to protect the occupants long enough for the fire to
burn out or be extinguished.

The concept of providing a means of emergency in-flight egress in civil air transport aircraft has
had very 1ittle attention. Several systems have been proposed, including one which would modify present
operational techniques of aerial cargo delivery for human passenger and crew usage, but none has been
evaluated thoroughly for this application. In a technology which has expended considerable effort in de-
vising methods of astronaut space rescue, it would seem to be within the state-of-the-art to similarly
seriously consider in-flight egress of air transport passengers in the event of presently non-survivable
in-flight catastrophic structural failures. Current accident experience shows that in-flight structural
failure as a result of extreme turbulence, mid-air collision, or other emergency such as fire, explosive
decompression, bird strikes, or explosion is not an infrequent occurrence, as is shown by data presented
in Section 2 and Appendices A-D. Certainly the potential for an increased incidence of such events should
be balanced against prior experience.

Research and development of advanced restraint systems has had major emphasis during the past decade
from many organizations, particularly in the United States. The U.S. Army has developed improved seating
and restraint systems for helicopter and light aircraft aircrew. These offer increased impact protection
to troops [Carr, 1972 (5)] and aircrew [Carr & Desjardins, 1975 (6)]. Studies by NASA, once focused on
more exotic spacecraft systems, include design and development of the NASA Ames Integral Passenger Air-
craft Seat, tested to impact levels of 21+Gyx 45+G; for air transports [Kubokawa, 1974 (8)]. U.S. Air
Force studies have tested the air bag restraint system to 123 G (-Gx) with baboons [Clarke, et al., 1970
(7)]. Inflatable air bags have been combined with the U.K. Institute of Aviation Medicine version of the
F-111 harness for providing increased protection in lateral capsule impacts [Shaffer & Brinkley, 1974
(17)]. The Federal Aviation Administration (FAA) has also explored the possibility of using passive air
bag restraint in aircraft [Sommers, 1972 (18)]. A systems evaluation of air transport passive restraint
has been reported in 1974 by Robbins and Snyder (14), while industry has considered inflatable air re-
straints for McDonnell Douglas DC-10 seat backs, and new developments in aircrew seating (The Concorde
and IPECO Europe Ltd. aircrew seats).

Due to large-scale efforts of the automotive industry to comply with new federal requirements in the
U.S. and other NATO countries, considerable effort has gone into design, development, and testing of “pas-
sive" restraint systems. These are presently required to be installed in all automotive vehicles manu-
factured for sale in the U.S. after August 14, 1976, for 1977 vehicles [National Highway Traffic Safety




Administration, 1975 (9)]. "Passive" restraint applies to any system which does not require occupant ac-
tion for initiation. The most common of these devices are inflatable ("air bag") restraint systems. Ex-
amples of other methods of achieving this objective include deployable net restraint, "blanket," and head
restraints. The requirement for a passive system has resulted from findings that too few automotive oc-
cupants wear present protective restraint systems and is based on a decision that a more automatic system
is necessary to solve this problem. Although developed for automotive impact, which involves quite dif-
ferent crash profiles in respect to magnitude, vector directions, and time duration than in typical air-
craft accidents, there has been interest in application to aircraft. Early tests of a pre-inflated air
bag device in the FAA crash test of a DC-7 transport in 1964, and a series of ten decelerations at impact
velocities up to 87 mph in 1965, indicated considerable protective capabilities, but it was also evident
that a cabin full of air bags post-impact could create major evacuation problems. Since then such systems
have been greatly refined, and must be re-examined in the air transport context.

Efforts at improving air transport crash impact survival and emergency egress have developed primar-
ily during the past 10 years, although classic and pioneering crash fire tests were conducted in early
National Advisory Committee for Aeronautics (NACA)} tests [Black, 1952 (2)]. 1In 1967 three groups inde-
pendently conducted overall assessments of the state-of-the-art of crash safety and crew and passenger
life support for air transport aircraft. The USAF-Industry Life Support Conference (23) at Las Vegas
considered a number of recommendations to responsible agencies for the immediate and long-range solution
of many of the most pressing problems and requirements in the 1ife support system. Within the industry,
a Joint Crashworthiness Development Program was conducted by the Aerospace Industries Association of
America, Inc. (1). This one-year study resulted in an industry evaluation of the state-of-the-art at
that time of interior materials, fire suppression, smoke and fume protection, emergency lighting and exit
awareness, and evacuation systems. Also in 1967 North American Rockwell Corporation [Roebuck, 1968 (15)]
conducted an analysis of new concepts for emergency evacuation of air transport aircraft for the Aircraft
Development Service of the Federal Aviation Administration.

Concurrent USAF studies related to military air transports have also been conducted by Sawyer [1967
(16)], Brown [1969 (3)], Reagin, et al. [1970 (13)], Snyder and Robbins [1971; 1972 (22, 21}], and Robbins
and Snyder [1974 (14)}]. The 1970 study by the Combat Egress Working Group [Reagin, et al., 1970 (13}] in-
vestigated passenger/cargo aircraft in the USAF inventory to identify equipment and procedural deficien-
cies. This represents the most complete analysis of crew and passenger crash safety, and provides many
specific recommendations for areas where improvements are necessary. The Snyder and Robbins study con-
ducted for the Air Force by the University of Michigan in 1971 represented the first major effort to eval-
uate military air transport safety from a point of view of state-of-the-art, using a systems engineering
approach [Snyder, 1971; 1975; Snyder & Robbins, 1971; Robbins & Snyder, 1974 (14, 19-22)]. This has
formed the nucleus for the current study, which attempts to update developments during the past four-year
period.

1.2 Scope and Objectives

The purpose of this study was to bring together and evaluate new crash impact, escape, and survival
devices and techniques applicable to aircrew and passengers in air transport aircraft. Advanced state-
of-the-art technological developments were examined in the areas of advanced restraint systems, smoke hood
protective devices, aisle and evacuation markers, passenger warning and public address systems, and other
research programs, system developments and technology available or currently anticipated programs which
might have application to current or future air transport aircraft. As one basis for establishing priori-
ties of future requirements, current air transport accident experience is presented from NATO countries in
Section 2.

In the 1971 Snyder and Robbins USAF study of military air transports (22) a complete systems approach
was required to objectively evaluate the systems, devices, and concepts, and in the current study, use of
military standards as a basis for assessment has been continued. In this regard, consideration was given
to both the effects on the aircraft and crew members in accordance with MIL-STD-1472A (24). A preliminary
analysis in accordance with MIL-STD-785A (25) was conducted on all concepts included in the study to de-
termine which systems indicate the highest reliability. System components must be designed for minimum
routine maintenance and servicing by technicians assigned to the using unit, field maintenance activities,
and for major repairs by depot level maintenance, in accordance with MIL-STD-470 (26). In addition, a
preliminary Hazard Analysis prepared in accordance with MIL-STD-882 (27) to evaluate system safety was in-
cluded. In this respect overall systems analysis has been initiated with emphasis on the event-oriented
nature of the problem of survival and escape from a crashed ajrcraft. A time-scaled flow chart of the
crash and escape event has been developed to form a framework for the performance evaluation of each con-
cept studied. This is supplemented by a detailed discussion of factors included in the analysis of system
safety, reliability, maintainability, human engineering aspects, and technological feasibility. It is be-
lieved that this approach provides a reasonable basis for system evaluation, and is included in Appendix E.

While major consideration has been given to review of smoke hood protective devices, advanced re-
straint systems, and emergency egress, this also reflects the state-of-the-art. Less attention has been
given in the past to the development of new (and feasible) concepts for aisle and path markers, emergency
public address systems, emergency lighting requirements, and seating. This study has attempted to bring
together and evaluate the state-of-the-art in the areas outlined as of 1975.

1.3 Future Trends

For planning purposes, the Federal Aviation Administration National Aviation System Plan of March,
1975, projects long-range goals through 1985 (44). An earlier FAA study projected through 1982 (43).
The 1975 study indicates that the number of passengers carried by the U.S. scheduled air carriers may in-
crease from 206.5 million in 1974 to 355.6 million by 1985. FAA also forecasts an increase in the U.S.
commercial air carriers' fleet from 2,511 aircraft in 1974 to 3,383 aircraft by 1985. For comparison, the
U.S. general aviation fleet is estimated to grow from 153,500 in 1974 to 262,000 in 1985.



A previous study took an even more extensive look at airline growth during the next decade. Goals
and recommendations concerning what U.S. policy should be for Civil Aviation Research and Development
(CARD) in 1985 were outlined in a U.S. Senate-sponsored joint Department of Transportation/National Aero-
nautics and Space Administration study published in 1971 (36, 37?. This suggested priority be given to
environment, congestion, low-density short-haul transport, and regulation reform. One prediction was that
by 1985 there will be a need for larger air transports capable of carrying 800 to 1,000 passengers. It
was estimated that the "free-world" air fleet would have grown from 5,100 to 8,300 (air carrier) aircraft.
Such projections may well affect future 1iving patterns [Ward, 1971 (67)], and may provide new medical and
psychological areas of concern [Gerathewohl, et al., 1971; Mohler, 1966; Schaffer, 1969 (48, 55, 59)].

1.3.1 Energy Effect Upon Design. Trends in future transport designs may be significantly influ-
enced by the recent concern for energy conservation. At the 1974 World Transport Conference, for example,
Bouillioun, president of the Boeing Commercial Airplai.e Company, noted: "The need for greater fuel econo-
my may drive future designs toward higher aspect ratios, reduced wing sweep, and greater thickness/cord
ratios than aircraft currently in production. Design cruise speeds could be slightly less than today's
designs. By the end of the 20th century, changes in the energy balance may well provide the impetus of
more exotic transports such as hydrogen-fueled or laminarized-flow aircraft." (35§ This forecast also
pointed out that development of a new technological improvement or concept may still require 15 to 20
years for the present "commercial aviation system" to incorporate it.

1.3.2 Next-Generation Transports. Already many designs for the 1980's reflect concern for energy;
the McDonnell Douglas Corporation’s DC-X-200 wide-body transport designed for short-to-medium-haul traffic,
anticipated to be available in 1980-81, may employ a smaller and lighter supercritical wing (Mach 0.82
cruiseg featuring reduced wing sweep angle, increased thickness, a higher aspect ratio, and a small wing
area [Fink, 1975a (45)]. The McDonnell Douglas DC-X-200, aimed toward 199-219 passengers, is a scaled-
down twin-engine version of the DC-10-10 trijet for the 1980's short-haul market [Fink, 1975b; 1975c (46,
47)]. Boeing is currently designing an advanced medium-range 7X7 replacement for the Boeing 727 [Aviation
Week, 1975a ?28)].

The French are studying several next-generation commercial transports, including the Dassault-
Breguet Mercure 200, a twin-engine 142-159 seat aircraft based upon the 135-seat Mercure 100 presently
operated only in France by Air Inter; the Airbus Industrie A300B wide body transport in several versions,
including a four-engine long-range air transport with 200-220 seats; and the Aerospatiale AS-200, a design
encompassing two-, three-, and four-engine aircraft with seating capacities ranging from 120-170 passen-
gers in the twin-engine version to 180-220 in the four-engine. Aerospatiale airbus versions under study
include the A300C, a convertible passenger/cargo version; the A300B9, a stretched version seating 322
(compared to about 270 in the A300B2 and B4); the A300B10, a shortened derivative with 210-220 seats; and
the A300B11, an alternative derivative shortened airbus using different engines [Ropelewski, 1975 (58)].
By 1985 some "30 to 40" Anglo-French Concorde supersonic transport aircraft may be in operation, as well
as increased numbers of the Soviet Tupolev Tu-144 [Shumann, 1975 (63)].

1.3.3 Span-Loaded Flying Wing. Future aircraft trends may also be indicated by NASA studies of a
large span-loaded flying wing design as a future fuel-efficient air freighter. Such aircraft would have
a payload of up to six times that of the Boeing 747F freighter, the Lockheed C-5A, or the Douglas DC-10
tanker/cargo aircraft, and a minimum wing thickness of 3m?10') would accommodate intermodal containers and
other outsized cargo (Fig. 1). Designers have considered use of 8 large overwing-mounted turbofans, al-
lowing cargo to be carried inside the supercritical-type wing. Distributing cargo across the span to off-
set 1ift forces is expected to reduce structural weight and improve efficiency [Industry Observer, 1974

(52)].

Fig. 1. Future concept for air cargo. NASA Spanloader cargo flying wing,
having 2.4 million 1b takeoff weight, span of 375 feet [Aviation Week, 1974
(28)], and utilizing air cushion landing system. After Lange, 1975 (53).




One unique proposed feature of the Spanloader is use of a three-element air-cushion landing system,
permitting this air transport to be operated from unprepared terrain or water. The principal elements of
the air cushion landing system are the trunks and ducting for air distribution. As illustrated in Fig. 2
the head-on profile shows an enlarged cross section through the center body, with the trunk inflated. The
air supply duct is continuous from outboard body to outboard body, with air admitted to the trunks by
valving. The air can be admitted to non-perforated inner Tiners and sealed off for parking. Such a system
might also alter the crash impact pulse presently seen in air transport takeoff or landing accidents and
increase potential occupant survivability.

Fig. 2. Concept for air cushion landing system
for Spanloader Transport Aircraft, showing en-
larged section of air cushion. After Lange, 1975 (53).

1.3.4 Very Wide Lifting-Body Transports. For the past three years, Boeing has been studying a new
freighter concept with Cole's International Husky Corporation, including extensive wind tunnel tests on an
extremely wide fuselage in 1ifting-body shape housing five side-by-side cargo bays 27 m (90') long (Fig.3).
The long-range version is intended to meet USAF's C-XX requirement for advanced cargo transport (57).

Fig. 3. International Husky Corporation/Boeing future con-
cept lifting-body air freighter [Aviation Week, 1974 (32)].
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1.3.5 Liquid Hydrogen-Fueled Transports. Some future air carrier aircraft may be fueled by liquid
hydrogen as an alternative fuel. However, one of the design problems resulting from the use of low-densi-
ty LH2 fuel is the volume of tankage required when compared to conventionally-fueled aircraft. Wide-body
aircraft employ high bypass ratio engines to reduce fuel volume required, while narrow-body transports
utilize low bypass ratio engines. The LHy-fueled aircraft would require approximately 4 times the volume
for JP-fueled airplanes for a given gross weight, or 3.7 times when equal payload/range capability is
considered lCarline, 1975 (38)]. Long-range large bodied aircraft might have LH2 tanks located in the
upper and rear fuselage. Short-haul smaller sized air transports of the McDonnell Douglas DC9-30 category
might be designed with external tanks, as illustrated in Figs. 4 and 5.
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Fig. 4. Possible configuration of short-haul liquid hydrogen-fueled air-
craft with external tanks [Automotive Engineering, 1975 (34)]. After
Carline, 1975 (38).

Fig. 5. Conception of long-range liquid hydrogen-fueled delta winged air transport
and twin-fuselage configuration, featuring hydrogen tanks slung between two cabins
[Automotive Engineering, 1975 (34)]. After Carline, 1975 (38).

1.3.6 Very Large Transports. A Boeing Company concept for a laminar flow control future air trans-
port features a high wing braced by a strut as shown in Fig. 6. The European aircraft industry may be ex-
pected to build upon the knowledge acquired from the Concorde and Airbus to design new transportation needs
outside the present subsonic domination of the U.S. Dornier cites very large cargo aircraft as one area
of future interest with cargo aircraft exceeding 600 t payloads. A ten-engine advanced design having
1,000 t payload capacity has been suggested by Dornier GmbH [Dornier, 1975 (41)].

1.3.7 STOL and V/STOL Air Transports. Another direction of aircraft design is in the STOL (Short
Takeoff and Landing) and V/STOL {Vertical/Short Takeoff and Landing) configurations. Current-generation
aircraft, such as the Boeing YC-14 Advanced Medium Short Takeoff and Landing Transport (AMST) and the




.Fig. 6. Boeing concept of high wing air transport braced by
struts. After Aviation Week, 1975 ?29).

McDonnell Douglas YC-15 AMST, are currently in prototype fly-off competition as a USAF replacement for the
Lockheed C-130 Hercules transport aircraft [Boeing YC-14, 1975; Taylor, 1975 (33, 65)]. The Boeing YC-14
and McDonnell Douglas YC-15 advanced medium STOL transport AMST prototype programs are expected to provide
technical fallout for new commercial transports. A 150-200 passenger airliner version could be in service
by 1980, although a more realistic marketing date may be 1985 [Marks, 1976 (54)]. The AMST adaptability
to future commercial versions is also being considered by NASA's Quiet Propulsive Lift Technology program
for generating commercial transport innovation. However, the YC-15 military version with a high wing and
Mach 0.75 cruise has resulted in negative airline reaction [Aviation Week, 1975 (28)]. Wind tunnel tests
of other advanced short-haul designs for the 1980's are underway at Ames Research Center, NASA [Elson,
1975 (42)]. The major crashworthy hazards in slow approach military STOL aircraft involve fuselage crush-
ing, flammable fluid ignition, crew, troop, and litter patient restraint failures, nose landing gear fail-
ure, and cargo restraint failure as described by Haley, 1976 (50). An early U.K. V/STOL design for a
commercial airliner is shown in Fig. 7, illustrating a British Westland VTOL two-engine tilt-wing project
[after Cook, 1975 (39)].
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Fig. 7. British Westland VTOL two-engine tilt-wing commercial
air carrier design. After Cook, 1975 (39).

In Canada, the Canadair Ltd CL-84 tilt-wing V/STOL, a utility 12-man or 16-troop seat aircraft, made
its first flight in 1965. Tripartite instrument flight tests and transition in steep profiles were con-
ducted at Pawtuxent Naval Air Station, Maryland in 1972-73, with continuing U.S. Naval evaluation (SCS-CL-
84) in 1974 [Taylor, 1974 (64)]. The de Havilland Canada DHC-7 four-turboprop "Quiet STOL" airliner proj-
ect was begun in late 1972, following a worldwide market survey of short-haul transport requirements.
This new "Dash 7" aircraft has been designed for downtown STOL ports having 610 m (2,000 ft) runways, uti-
lizing a quiet Pratt & Whitney (Canada) engine, propellor combination which is anticipated to 1imit exter-
nal noise to 95 EPNdb at 152 m (500 ft) from the aircraft during takeoff and landing. This aircraft is
intended to carry 50 passengers plus a crew of three or four. Emergency exits are located on each side at
the front of the cabin and on the starboard side at the rear. Two pre-production flight test aircraft
have been built to date, the first making its maiden flight at Downview on 27 March, 1975. A third air-
frame has undergone static testing and a fourth will be used for fatigue testing [Taylor, 1975 (65)]. 1In
addition, six DHC-6-300S (MOT) aircraft have been used in tests. Certification is expected soon, and
fifty orders have been taken to date [Newman, CATA/STOL, 1976 (56)]. However, these aircraft are designed
to Federal Air Regqulations (FAR) part 25, and appear not to include any advanced emergency egress or crash-
worthiness requirements beyond current standards.

In France the Armee de 1'Air Breguet BR 941S STOL four-engined high-wing transport utilizes the de-
flected-slipstream technique. The design is sponsored in the U.S. as the McDonnell Douglas 188, with a
52 to 64 passenger capability. During March-May, 1969, the civil air carrier version was evaluated by
American Airlines, and had previously been evaluated for air carrier consideration by Eastern Airlines
[Tryckare, 1970; Newman, 1976 (66, 56)].

In Germany Lufthansa and the Federal Ministry of Defense prepared in 1973 skeleton requirements for
a V/STOL transport aircraft for service in the 1980's. Dornier, in 1969, had reported considerable success



with the Do 31 E experimental V/STOL aircraft, and had designed several STOL jet transports having high
cruising speed and STOL or VTOL capability. In cooperation with NASA, a Dornier-NASA program included
extensive flight testing at Oberpfaffenhofen with two Do 31 E-1 aircraft and one Do 31 E-3 aircraft, and
NASA simulation studies at Ames Research Center, California. In 1969 Eastern Airlines became the first
international airline to organize for V/STOL transport systems.

As a result of the experimental Do 31 E tests, Dornier designed the Do 231 V-jet, utilizing bypass
jets for propulsion, supplemented by a large number of independent 1ift engines with very high bypass ratio
for the V/STOL phase. This unique design ?Fig. 8) is envisioned in two versions, one for military use
with 800 km (500 mi) range including 400 km (250 mi) at low level with 10,000 kg (22,000 1b) military pay-
load, and a civil transport version carrying 100 passengers, four stewardesses, and up to four crew on
the flight deck. The engine system consists of two RB.220 bypass cruise engines mounted on pylons on the
inboard wing sections, and 12 RB.202-25 1ift engines. In the basic design the passenger cabin takes 16
rows of seats with 6 seats abreast. The evaluation committee of the German Ministry of Economic Affairs
has selected the Dornier concept as the most promising line for future developments [Dornier, 1974 (41)].

Fig. 8. The Dornier Do 231 V/STOL air transport design for
the 1980's in vertical takeoff and landing configuration with
1ift engine doors open [Courtesy Dornier AG, 1974 (40)].

1.3.8 Military Advanced Airborne Command Post. Advanced aircraft such as those discussed in this
section may also pose new human factors, crash impact, and emergency egress problems. Some military trans-
ports may present special emergency egress problems, such as the USAF Boeing 747-E4A Advanced Airborne
Command Post [Taylor, 1975 (65?], which primarily utilizes conventional seating rather than state-of-the-
art, as shown in Fig. 9.
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Fig. 9. gSAF Boeing 747-E4A Advanced Airborne Command Post Design [Aviation Week,
1974 (32)].

Because the basic design state is the point at which "people packaging" and safety factors should be
considered, one objective of this study has been to pull together and provide an assessment of the status
of current relative technology. Some of the concepts, devices, or techniques discussed here should be
considered for retrofit on current-generation aircraft (smoke hoods, improved seat restraint systems, emer-
gency illumination, etc.). Others should be considered for future aircraft (such as heat shielding, ad-
vanced passive restraint systems, in-flight emergency escape systems, high-energy emergency egress systems,
etc.). While this study has not attempted to include air transport helicopter or rotorcraft, many of the
concepts considered would have equal applicability to such vehicles, although some different problems
exist in crash impact as well as emergency egress.



2. AIR TRANSPORT ACCIDENT EXPERIENCE

The state-of-the-art of protection and survival technology is constantly changing as new materials,
techniques, innovations, and requirements are developed. Nevertheless, the most valid data for determining
future requirements and projecting most effective concepts in crash impact and emergency egress are derived
from past and current field performance. Accident investigation often results in discovering egress prob-
lems, determining human factors considerations, and pointing out potential areas of future concern. How-
ever, not all accidents are investigated fully for human factors aspects. Emergency equipment and escape
device performance under actual crash-fire conditions involving aircraft occupants in panic may differ
considerably from predictions developed in non-stress laboratory environments. Similarly, concepts which
appear feasible in theory may not be in fact.

2.1 Sources and Limitations of Data

This section reviews the accident experience of NATO* countries with respect to air transport acci-
dents, as a basis for more clearly understanding past and current causes for occupant fatalities and de-
termining priorities of greatest needs for technological improvements. While an attempt has been made to
include all civil air carrier accidents of NATO countries for the period 1964-1974 (as well as preliminary
reports for 1975), it has been found difficult to precisely determine every case with accuracy, since ac-
cidents occurring outside the country of registry may or may not be included. Even utilizing the comput-
erized printouts of the NTSB for the U.S. has shown some apparent discrepancies (e.g., the U.S. registry
DC-9 operated by Antilliaanse Luchtvaart Maatschappij N.V. [ALM] of Curacao, on lease to ALM from Overseas
National Airways, Inc., a U.S. certified supplemental air carrier, which ditched in the ocean 30 miles
(48 km) ENE of St. Croix, Virgin Islands, 2 May, 1970 [10-12], is apparently listed on U.S. records as a
general aviation accident, rather than as an air carrier accident).

Listing of aircraft accident injury data can be deceptive in drawing conclusions if only the tabu-
lated results are used and the environmental content is not clear. For this study an attempt was made to
review each individual air carrier accident, and those reports available were reviewed, as well as the hu-
man factors group reports where they existed. However, particular difficulty was encountered in attempting
to identify how fatalities and injuries occurred in individual accidents. In many cases there either was
no human factors determination in the investigation, or else cause of trauma was not indicated. Thus an
evaluation of occupant survival in many cases is not possible based upon the reports available. However,
some cases, particularly in recent years, have sufficient information relative to injuries so that causes
may be clearly identified. One objective, that of separating out and identifying occupant injury causa-
tion, was not found possible to attain in a large number of reported accidents, due to the lack of human
factors documentation.

Basic sources included data from the International Civil Aviation Organization (ICAO), Aircraft
Accident Digest [1975 (109, 299)], the World Airline Accident Summary of the United Kingdom Civil Aviation
Authority (98-100), the U.S. National Transportation Safety Board and Civil Aeronautics Board (10-12; B5-
97, 119-2BB; 310-329; 331-340; 344, 345; 355-363; 371-373; 409-420; 430-435), including a copy of the mag-
netic tape computer files of all accidents since 1964, the International Register of Civil Aircraft (72),
the annual aircraft accident statistical summaries of the Ministry of Transport, Canada (110-118), and
the multitude of individual aircraft accident investigation reports available.

A large number of supplementary sources were also utilized, including the Aircraft Accident Digest
[ICAO (109; 299)], NTSB preliminary accident resume reports {for 1975 datag, individual investigation re-
ports provided in Aviation Week and Space Technology, The World Aviation Directory [Dean, 1975 ?101)],
Flight Safety Focus {London) {293), FAA reports {43, 44; 104-107; 306, 307), various annual reports of
governmental agencies, and summary reports, special studies, and human factors reports made available by

the NTSB. Additional general sources of precise technical information included Aerospace Facts and Figures
1975/76 (70), Commercial Aircraft of the World [Hofton, 1975 (51)], Jane's All the World's Aircraft Llaylor,
1959-1975/76 (64, 65; 291)], International Aerospace Specification Tables [19/5 (76)], The Lore of Flight
[Tryckare, 1970 (66)], Jane's Pocket Book of Commercial Transport Aircraft [Taylor & Munson, 1973 (?92§|,

as well as the Air Force/NASA Design Handbook series [USAF, 1974 (29B)], and other military and manufac-
turers' technical specifications and publications.

2.2 Air Transport Fatality Data

ICAO data indicate, as shown in Table I, that for the period 1950 to 1974 there have been 734 acci-
dents involving scheduled air services on a world-wide basis, resulting in 1B,377 fatalities [ICAO, 1975
(109)]. These figures include 119 countries but exclude People's Republic of China, and excluded USSR
until November, 1970. This is an average of 735 deaths per year on scheduled airlines for this 24-year
period, with the average increasing to 1,402 deaths per year in 1962, and to 1,382 (preliminary data) in
1974 (299). Note, however, that crew fatalities were excluded.

In operations of U.S. air carriers from 1964 through 1974 there were 6B4 accidents reported, of which
109 were fatal accidents, with 2,797 fatalities for this most recent 10-year period [National Transporta-
tion Safety Board, 1972 (213); 1975 (280)]. During 1974 U.S. scheduled air carriers were involved in 47
accidents, including 9 fatal accidents, and totaling 467 fatalities [National Transportation Safety Board,
1975 (280)]. This was more than double the 1973 total of 227 fatalities, and in the case of U.S. sched-
uled air carrier operations the death toll was the highest since the 499 recorded in 1960. Fig. 10 pro-
vides accident data from 1964 through 1974.

* Includes aircraft accidents of Belgium, Canada, Denmark, France, West Germany, Greece, Iceland, Italy,
Luxembourg, Netherlands, Norway, Portugal, Turkey, United Kingdom, and United States.



NUMBER OF FATALITIES

TABLE I.

WORLD-WIDE AIRCRAFT ACCIDENTS INVOLVING PASSENGER FATALITIES
ON SCHEDULED AIR SERVICES, 1950-1974

Passenger Fatal Accidents
Air- Fatalities
craft Passen- Per 100 million Per 100,000
Acci- gers Per 100 million Km Mi Aircraft
Year dents Killed Pass.Km Pass.Mi Flown Flown Hrs Ldgs
1950 27 551 1.97 3:1I5 1.88 3.02 0.54
1951 20 443 1.27 2.01 1.23 1.99 0.35
1952 21 386 0.97 1.54 1.18 1.90 0.34
1953 28 356 0.77 1.25 1.44 2.32 0.43
1954 28 443 0.85 1.36 1.36 2.19 0.42
1955 26 407 0.67 1.07 1.14 1.82 0.36
1956 27 (1) 552 0.78 1.25 1.06 1.7 0.34
1957 31 507 0.62 0.99 1.09 1.76 0.36
1958 30 609 0.72 1.15 1.02 1.65 0.34
1959 28 613 0.63 1.00 0.9 1.46 0.3
1960 34 (1) 873 0.80 1.29 1.09 1.76 0.40 0.52
1961 25 805 0.69 1.1 0.80 1.29 0.31 0.38
1962 29 778 0.60 0.97 0.90 1.44 0.37 0.44
1963 31 715 0.49 0.78 0.90 1.46 0.39 0.46
1964 25 616 0.36 0.58 0.68 1.09 0.30 0.35
1965 25 684 0.35 0.56 0.61 0.98 0.29 0.33
1966 32 (1) 1001 0.44 0.70 0.69 1.12 0.33 0.40
1967 30 678 0.25 0.40 0.57 0.91 0.29 0.35
1968 35 912 0.29 0.47 0.58 0.94 0.32 0.38
1969 32 946 0.27 0.43 0.48 0.77 0.27 0.34
1970 30 786 0.17 0.27 na na na na
1971 33 975 0.20 0.32 na na na na
1972 44 (2) 1402 0.25 0.4 na na na na
1973 35 957 0.15 0.25 na na na na
1974* 28 1382 0.21 0.34 na na na na
Totals 734 18377
Source: ICAO, 1975 (109) 0Noes not include aircrew.
Data exclude People's Republic of China, includes USSR only from 1970.
* 1974 preliminary data.
(1) Includes a mid-air collision counted as one accident.
(2) Includes two mid-air collisions shown as one accident.
na Not available.
450 Source: NTSB, 1975 (28n) 467
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Fig. 10.

U.S. Scheduled Air Carrier accidents and fatalities, 1964-1974.
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Similarly, the fatal accident rate has increased in each of the last three years from the 0.94 per
100,000 hour rate achieved in 1971. The 1974 rate was the highest since 1968. The passenger fatality
rate in certified route carriers' scheduled domestic and international passenger service has also shown
an upward trend. The NTSB reports that from a record low of 0.001 passenger fatalities per 100 million
passenger miles flown in 1970, this rate fluctuated to 0.119 in 1971 and 0.100 in 1972, rising to 0.115
in 1973 and 0.256 in 1974, the highest rate in ten years [National Transportation Safety Board Annual
Report to Congress, 1975 (280)]. This is shown in Fig. 11.

0.250 _

0.200

0.150

0.100

0.050 |

0 1 1 ! | | 1 1 1 J
1966 1968 1970 1972 1974

FATAL ACCIDENTS PER 100000 AIRCRAFT HOURS

Fig. 11. Fatal accident rate. Al1 U.S. airline flying.

(Fatal accidents per 100,000 aircraft hours. Includes
certified route and supplemental air carriers.) NTSB
Annual Report, 1975, p. 6.

Air carrier fatality rates may be compared in various ways. The passenger fatality rate per
100,000,000 passenger miles has been tabulated by the FAA [Department of Transportation, 1970 (102)] for
comparison among passenger automobiles (2.3), buses (.22), railroad passenger trains (.07), and domestic
scheduled air carriers ?.13). If fatality rates for U.S. general aviation are calculated on a basis of
passenger fatalities (all occupants), the fatality rate (for 1973) was 15.1 per 108 miles of travel (ex-
cluding 3 suicides) [FAA, 1975 (103)] [Snyder, 1975 (289)]. Thus the U.S. domestic scheduled air carrier
fatality rate is still on the order of 43.5 times less than that of the automobile (0.098 vs. 4.27), and
154 times less than that of general aviation (0.098 vs. 15.1).

The current U.S. air carrier fleet (1974) consists of 2,611 total aircraft. Table II lists the cur-
rent U.S. civil air carrier inventory as an indication of aircraft presently in service (and thus those
which will be principally involved in accidents over the coming decade).

During the past ten years an average of 414 crew and passengers per year have received fatal in-
juries in combined NATO countries (excluding U.S.) air carrier accidents. O0f 372 accidents during this
period, 96, or 25.8%, have been fatal accidents. Table III illustrates the summary data relative to fa-
talities, injuries, and accidents for both aircrew and passengers. Since these data have been compiled

from several sources, they do not represent official data from the countries involved but are believed
to be relatively accurate.
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TABLE IT.

U.S. AIRLINE FLEET
TYPE OF AIRCRAFT, NUMBER OF ENGINES AND MODEL
(Number of Aircraft as of 1 Jan., 1974)

Type of Aircraft, Number of Engines Type of Aircraft, Number of Engines
and Model and Model
TOTAL FIXED-WING . . . . . . . . .. 2,598 Hawker Siddeley HS748 , ., . . . 1
5 Nihon YS-11 23
Turbine-Powered, Total . . . . . . 244601 el T e Sl el el e
Four-Engine, Total . . . . . . . . 824 SIONESHSE 5 e g e P e 2
Turbojet, Total . . . . . . . .. 750 Piston-Powered, Total ., ., . . . . 137
Boeing 707 . . . . . . . . . .. 316 Four-Engine, Total, . . . . . . . 42
Boeing 720 . . . . . . . . . .. 45 Boeing 377 . . . . . . . . .. 1
Boeing 747 . . . . . . . . . .. m Douglas DC-4 ., . . .. . ... 4
Convair 880 . . . . . . .. .. 37 Douglas DC-6 . . . . . . ... 31
Convair 990 . . . . . . . . .. 8 Douglas DC-7 . . . . . . ... 5
McDonnell Douglas DC-8 . . . . . 233 Lockheed 749 , ., . . . . . . . --
Lockheed L-1329 . . . . . . .. -- Lockheed 1049/1649 ., . . . . . 1
Turboprop, Total . . . . . . .. 74 : .
Armstrong Whitworth AW-650 . . .  -- TyibeEngities, okl . o oo 0 8
f ] Aero Commander 500 . . . . . . 1
Boeing 377S . . . . . . . . ..
: Aero Commander 680E . . . . . . --
Canadair CL-44 . . . . . . . . . -~ C 402 5
Lockheed 188 . . . . . . . ... 53 bl e -
Lockheed 382 . . . . . . . . . . 20 Convair 340/440 . . | | 6
Three-Engine Turbojet, Total . . . 872 Curtiss CW-46 . . . . . . . .. 30
Boeding 727 . = .« o o a0 o e 733 Douglas DC-3 . . . . . . . .. 12
Lockheed L-1011 . . . . . . .. 48 Fairchild FC-82 . . . . . . . : 2
McDonnell Douglas DC-10 . . . . 9] Grumman G-21 . . . .. . ... 6
. : Grumman G-44 1
Twin-Engine, Total . . . . . . . . 7655 Rl TR el Raat e ek e e e e el
Turbojet, Total . . . . . . . .. 535 Grumman G-73 . . . .. . ... 1
; Martin 202 . . ... ... .. -- '
Boeing 737 . . . . . . . .. .. 152 Martin 404 18 |
British Aircraft Corp. BAC-111 . 43 0‘:; o IO S .
Dassault MD-20 . . . . . . . . . == SRR SRR DL R
McDonnell Douglas DC-9 . . . . . 340 Single-Engine, Total . . . . . . 14 |
Hamburger Flugzeugbau HF-320 . . -- |
Turboprop, Total. » . . . . . . . 23p  TOTAL ROTARY WING . . . . . .. .. 13 '
Aero Commander AC-680-V . . . . 1 Turbine-Powered, Total . . . . . . 10
Beech 99 . . . . . . . . . . .. -- Sikorsky S-61 . . . . . . ... 7
Convair 580 . . . . . . . ... 105 Bell BL-206 . . . . . . ... 3
Gomvailr: G001 1630 3% v & = 5 ¢ £ Piston-Powered, Total . . . . . . 3
DeHavilland DHC-6 . . . . . . . 9 Sikorsky S-58C 3
Fairchild F-27 . . . . . . . .. 25 EONSRYEDSI8Ewil ol ok ot o el e
Fairchild FH-227 . . . . . . . . 31
Grumman G-159 . . . . . . . .. 1 TOTAL AIRCRAFT . . . . . . . . .. 2,611
Source: FAA (106); and Aerospace Facts and Figures, pp. 76-77, 1975 (71).
TABLE III.
COMBINED NATO COUNTRIES CIVIL AIR TRANSPORT ACCIDENTS (EXCLUDING U.S.)
No. Fatal Total Injuries Fatalities
Acci- Acci- Occu- Flight Flight
Year dents dents pants Deck Crew Pass Deck Crew Pass
1964 36 7 (5) 1285+ 2 0 26 23 1N 234
1965 32 6 (4) 1227+ 2 1 0 15 8 105
1966 29 g (4) 1194+ 2 0 30 30 23 408
1967 40 10 (6) 1481+ 4 0 13 21 15 243
1968 31 10 (3) 1406+ 6 7 136 17 16 221
1969 39 n (6) 1445+ 10 g 47 19 28 587
1970 41 10 (5) 2186+ 0 7 a8 14 11 249
1971 24 6 (2) 892+ N 2 118 g N qg
1972 43 e} (4) 1830+ 7 0 29 27 19 513
1973 29 7 1644 5 6 36 18 g 382
1974 28 7 2331 5 1 29 10 10 529
TOTALS 372 g6 16921 54 34 562 203 371 3570
650 4144

(2),(3),(4),(5),(6)=Total occupants unknown for 2,3,4,5, or 6 number of accidents listed that year.
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2.2.1 In-Flight Hazards. Although occupant crash impact protection and emergency egress aspects of
air carrier accidents are usually considered in relation to a crash landing environment, there are a num-
ber of in-flight environments which also require occupant protection. The following sections briefly in-
dicate the nature and extent of some of the more common in-flight hazards which may result in injuries to
passengers or crew.

2.2.1.1 Mid-Air Collision. There have been a number of studies of mid-air collisions (300-
330). However, unlike the first documented mid-air collision (on 2 October, 1910 at Milan, Italy, when a
French Antoinette flown by Rene Thomas collided with U.K. Captain Dickson's Henri Forman [Gibbs-Smith,
1960 (308)], resulting in non-fatal injuries to both), the number of aircraft occupants per aircraft, and
resulting chance of major disaster has greatly increased. One 1973 study conducted by the Mitre Corpora-
tion for the FAA Office of Systems Engineering Management, reviewed all mid-air collisions occurring over
the continental United States during an eight-year period, 1964 through 1971 [Simpson et al., 1973 ?330)].
During this period there were 12 mid-air collisions involving air carrier aircraft, with 239 fatalities.
Despite constantly increasing annual levels of aviation activity, which doubled during the time of the
Simpson study, the statistical risk of mid-air collision per flight hour did not significantly change.
The authors did not indicate what trend would be shown if alternative units of risk were utilized in the
statistical analysis. However, with forecasts of three- to five-fold increase in annual operations fore-
cast over the next 10 to 20 years (305; 306), this risk may well increase. In 1968 there were 2,230 near-
mid-air collisions (NMAC) reported to the FAA, 1,128 of which were classified as "hazardous," and 317
"critical" (i.e., the miss was "due to chance, with no time for evasive action")}[FAA, 1969 (305)]. From
1969 through 1971 the FAA granted immunity from enforcement action to persons reporting near-mid-air col-
lisions to encourage full reporting of such incidents [FAA, 1971 (307)].

During the first ten months of 1975 the Federal Aviation Administration has reported 207 "hazardous"
near-collisions of U.S. aircraft, 125 of which involved a scheduled air carrier and a military or general
aviation aircraft, and 61 of which involved only air carriers [McLucas, 1975 (309)]. However, interpreta-
tion of this report has been varied, with the United Press International reporting "158 near-collisions,"
and one technical publication stating that there were "210 reports of near-collisions, 40 involving air
transport aircraft" (303).

On 5 March, 1974, a mid-air collision occurred between an Iberia McDonnell Douglas DC-9 and a Spantax
Convair 990 near Nantes, France (both aircraft were of Spanish registry). Seven crew members and 61 pas-
sengers on the Iberia flight were killed, and the aircraft destroyed. Although the Spantax aircraft in-
curred substantial damage, there were no reported injuries to occupants. This accident was investigated
by the Commission of Inquiry appointed by the French Secretariat of State for Transport (301). One of the
most well-publicized was the recent near-collision on 26 November, 1975 between an American Airlines
McDonnell Douglas DC-10 with 194 aboard, and a Trans World Airlines Lockheed L-1011 at 10,700 m (35,000 ft)
over Michigan. A report of this near-collision and review of the mid-air problem is expected to be pub-
lished by the NTSB in late February, 1976. At the time of the unplanned emergency descent of the American
flight, the seat belt sign was on and a meal was being served. It was reported that all unsecured, or in-
adequately secured, occupants and objects floated to the ceiling and then fell to the floor. As a result,
24 individuals, including 10 cabin attendants, were injured. Three passengers received serious injuries
(328). Nine days later, on 6 December, 1975, a Trans World Airlines air carrier with 77 persons aboard
reportedly narrowly missed ("within 50 feet [15 m]," according to a passenger) colliding at 6,400 m (21,000
ft) with a United Airlines flight carrying 60 passengers [Associated Press, 1975 (302)].

Evasive action to avoid a mid-air collision also may cause injuries. Serious injury (fractured an-
kle) to a passenger resulted when an American Airlines Boeing 707 was descending to land at Phoenix, Ari-
zona on 10 December, 1974. Although the seat belt sign was on at the time, this passenger was returning
to her seat from the lavatory [NTSB, 1974 (324)]. A listing of other injuries as a result of evasive
maneuvers may be found in a 1973 NTSB special study (331). Among the 1975 mid-air collisions, a Golden
West Airlines de Havilland Twin Otter collided with a Cessna 150 near Whittier, California, with fatalities
to all 14 occupants of both aircraft [NTSB, 1975 (327)].

2.2.1.2 Turbulence. Injuries due to in-flight turbulence are not infrequent. In most situ-
ations the injury could have been prevented had the injured passenger or aircrew been restrained. However,
stewardesses are particularly vulnerable to unexpected encounters with violent turbulence since they often
have to remain on their feet to conduct their duties.

In 1974 an Air France Boeing 707 B-328B enroute to Paris, France from Los Angeles encountered mod-
erate to severe turbulence at 10,050 m (33,000 ft) near 0'Neill, Nebraska, which lasted some 45 minutes.
Two flight attendants and 13 passengers were injured, including serious injuries to two passengers and
one flight attendant. An elderly lady received a fractured ankle and an elderly male passenger incurred
a dislocated knee, a possible fracture, and other injuries. Twelve of the passengers had been standing at
the rear of the aircraft making duty-free purchases or waiting to use the lavatories, and were thrown about
when the turbulence was first encountered (282). During 1975 a number of injuries from this cause have
already been reported. Several random U.S. cases including 17 injuries have been selected from preliminary
NTSB investigations to illustrate this problem (see Table IV), although these do not represent the total
cases for 1975. Each case involved sudden violent turbulence, and the last case was thought to be attri-
buted to wake turbulence from a preceding wide-bodied air carrier.

In a special study, the NTSB has reported that during the period 1968-1971, 95 stewardesses and 241
passengers were injured due to turbulence in 70 air carrier accidents reported [NTSB, 1973 (331)]. This
involved 116 individuals receiving injuries of a serious nature and 220 individuals reporting minor in-
juries, as listed in Table V.



TABLE IV.
INJURIES DUE TO IN-FLIGHT TURBULENCE, 1975

(Incomplete)
Type of Injuries
Date Airline Aircraft Stewardess Passenger Comments Reference
21 March Flying Tiger McDonnell 1 1 Serious injury (frac- (332)
Douglas tured kneecap) to stew-
DC-8-63F ardess; passenger wrenched
neck.

20 May Frontier Convair 580 1 - Stewardess thrown from (333)
feet and struck protru-
sion on passenger seat
with back, knocked uncon-
scious; serious injury.

12 July Trans World Boeing 707 - 1 Female passenger frac- (334)
tured ankle coming out
of lavatory and thrown in-
to air; serious injury.

28 July Air France Boeing 707 1 - Stewardess sustained se- (335)
rious injury (fractured
leg).

3 August Delta McDonnell 2 3 Minor injuries. (336)

Douglas
DC-9
8 August Delta McDonnell 1 = Serious injury (frac- (337)
Douglas tured vertebrae) to stew-
DC-8-51 wardess when thrown to
floor from seat (in pro-
cess of securing restraint).

15 September Pan Am Boeing 747 - 1 Female passenger received (338)
serious injury (compound
fracture of leg) exiting
from lavatory.

22 September Delta McDonnell - 2 Two female passengers (339)

Douglas were in lavatories; one

DC-8-51 aged 78 received serious
injury (fractured right
ankle), the other received
minor injuries to knee and
finger.

3 November Trans Intl. McDonnell 1 2 Serious injuries to two  (340)

Douglas passengers and minor in-
DC-10 jury to one stewardess.
TABLE V.

INJURIES ATTRIBUTED TO TURBULENCE IN
U.S. AIR CARRIERS, 1968-1971

Reported Injuries

Year Accidents Occupants Serious Minor
1968 20 Flight Attendants 14 12
Passengers 18 44
1969 19 Flight Attendants n 24
Passengers 24 59
1970 16 Flight Attendants 16 7
Passengers 1 40
1971 15 Flight Attendants 7 4
. Passengers 5 30
Totals 70 116 220

Source: NTSB, 1973 (331)
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2.2.1.3 Bird Strikes. An example of another in-flight hazard which may disable an air car-
rier involves bird strikes. Van Messel (350) in a 1960 study noted 117 reported bird strikes on aircraft
the first ten months of that year in Holland alone. Between 1964 and 1973, 63 accidents were attributed
to birds in the U.S., 17 involving air carriers (348). During 1975 Tokyo International Airport reported
19 cases of bird strikes on air carriers (341) (see Fig. 12). Several tragic consequences have occurred.

e

Fig. 12. An air carrier taking off at Tokyo International Airport on 13 November, 1975 in a
flock of birds (Photo courtesy Wide World Photos).

In 1960 an Eastern Airlines Lockheed L-188 Electra was disabled on takeoff by a flock of starlings at
Boston's Logan International Airport, resulting in 62 fatalities (349). 1In 1962 a United Airlines Vickers
Viscount struck birds over Maryland that damaged the horizontal stabilizer, resulting in 13 fatalities
(348). More recently, on 12 November, 1975, the crash of an Overseas National Airways McDonnell Douglas
DC-10-30CF was attributed to ingestion of large seagulls. The aircraft was destroyed on takeoff at J.F.
Kennedy International Airport in New York [(342); NTSB, 1975 (346)]. The main landing gears collapsed as
the captain attempted to turn off the runway, and the aircraft settled to the ground enveloped in flames,
destroying the aircraft and resulting in injuries to the flight deck crew. On 20 November, 1975, Federal
Aviation Administration Lockheed L-1329 (N1) incurred bird strike damage to number four engine while land-
ing at North Philadelphia Airport [NTSB, 1975 (347)].

A 1969 accident illustrates several of the problems which may be encountered during emergency evacua-
tion when an aircraft lands or aborts a takeoff after striking birds, even when smoke or fire is not in-
volved. On 1 December, 1969, a Pan American Airways Boeing 707 aborted takeoff at Sydney, Australia after
running into a flock of birds. The aisle by the galley was blocked by the in-flight oven being dislodged
into the aisle. There was confusion in evacuation instructions, with no announcement or warning made from
the flight deck, yet while the forward cabin attendants were evacuating passengers, the person in the rear
used the public address megaphone to instruct the passengers to stay in their seats. The rear galley exit
was blocked by a 95-year-old woman seated next to the exit who refused to move; she was accompanied by her
78-year-old son, neither of whom spoke English. They were eventually forced down a slide [Australian Air
Safety Investigation Branch, 1969 (343)].

As a result of the 1960 Lockheed Electra accident and another incident in which starling ingestion
caused an aborted takeoff, an FAA/CAMI study was conducted by Swearingen and Mohler [1962 (349)] to deter-
mine why starlings appeared to be attracted to the Lockheed Electra. It was found that the Electra sound
spectrum contains an audible chirp identical in frequency and wave form to the chirp of field crickets,
indicating that "the starlings are attracted to the Electra by being misled into the belief that there is
a field of crickets at the source of the Electra noise" [1962 (349)?.

An incident has been reported of a bird strike at 2,440 m (8,000 ft) in which a vulture penetrated
the windshield and caused fatal injuries to the copilot, while in another incident a vulture broke through
the captain's windshield on takeoff and caused serious injuries, although in both cases the aircraft landed
safely [Khan, 1966 (345)]. Dodds, in New Zealand, has proposed a number of measures to remove the bird
hazard on airfields, primarily by removing sources of food, letting grass grow 15 to 23 cm (6 to 9 in)
high, providing alternative roosting areas, and using scaring devices in a random sequence (distress calls,
mechanical hawks, shooting and pyrotechnics, real or artificial carcasses, and dogs) [Dodds, 1966 (344)].

2.2.1.4 1In-Flight Explosion, Fire, or Structural Failure. Unexpected in-flight explosions
may impair controls or damage the structure irreversibly, resulting in a fatal crash, or may, with luck,
be survived without injury. The hazard from explosive devices purposefully placed in civil air transport
aircraft remains with us despite the effectiveness of NATO airport security boarding controls. A number
of air carrier disasters have been attributed to in-flight explosions in recent years. One which occurred
in May of 1962 involved the explosion of a dynamite device in the right rear lavatory of a Continental Air-




lines Boeing 707 cruising at 11,900 m (39,000 ft) over lowa, causing a violent explosive decompression.
Two minutes later, at 11,200 m (36,800 ft) and an airspeed of 508 km/hr (315 mph) (IAS) the empennage and
a 11.6 m (38 ft) portion of the rear fuselage separated, the subsequent crash resulting in 45 fatalities.
Since one passenger was found alive 7 1/2 hours post-impact lying across a "triple" forward-facing seat,
although he died 9 hrs, 20 min post-impact from injuries received, this accident received unusually com-
prehensive human factors, medical, and bio-engineering analysis as reported in Aerospace Medicine [Dille
& Hasbrook, 1966 (356)]. A similar incident, but with a stewardess surviving a 9,450 m (31,000 ft) fall,
occurred on 26 January, 1972, This in-flight explosion was attributed to a terrorist-planted bomb, which
fatally disabled a Yugoslav Airlines McDonnell Douglas 0C-9 bound from Sweden to Yugoslavia, with 27 fa-
talities [Vulovic, 1972 (367)]. On 8 September, 1974 a Trans World Airlines Boeing 707-331B enroute from
Tel Aviv to New York crashed into the Ionian Sea with 88 fatalities as a result of "the detonation of an
explosive device within the aft cargo compartment of the aircraft, which rendered the aircraft uncontrol-
lable" [NTSB, 1975 (357; 351; 352, 353)]. An explosive decompression at 8,540 m (28,000 ft) coincided
with the explosion. The NTSB indicated that the "explosion took place below the cabin floor, which shield-
ed the cabin occupants," thus had the flight not been disabled, it is possible that this accident might
have been survivable. More recently, a Middle East Airline Boeing 720B crashed 1 January, 1976 in a re-
mote region of Saudi Arabia, killing all 82 persons on board [Aviation Week, 1976 (355)]. While this ac-
cident is still under investigation and no cause has been determined, the aircraft reportedly disappeared
from Beirut's surveillance radar while cruising at 11,000 m (36,000 ft), and an explosion must be consid-
ered. While a number of other in-flight explosions have occurred, these cases illustrate the high fatality
rate presently associated with such accidents.

When in-flight fires occasionally occur, they are usually readily controlled. However, such occur-
rences can result in a fatal crash or lead to injuries. For example, a Pan American Boeing 747 flight,
enroute from Honolulu to Guam on 17 November, 1974 at an altitude of 610 m (2,000 ft) after takeoff, ex-
perienced a fire warning in number three engine. Although the engine was shut down and one extinguisher
bottle fired, the fire persisted. The second extinguisher bottle was fired but the engine fire still con-
tinued. The aircraft returned to Honolulu and landed, and the fire was finally put out by the ground
crash rescue team. Had this fire occurred later in the flight the results might have been different. In-
cidentally, although the 172 aboard deplaned successfully, five of the emergency evacuation slides "failed
to function either partly or totally" [NTSB, 1974 (358)]. Earlier that same month (5 November) an Alleghe-
ny Airlines McDonnell Douglas DC-9-31 experienced an electrical fire and intense smoke in flight, 16km ?10m1)
out on approach to Logan International Airport, Boston, and was able to land successfully. In this in-
stance the flight deck crew and cabin attendants were unable to open the exit doors because of cabin pres-
surization and some two minutes elapsed before rescue personnel were able to break open the overwing exits
from the outside. Emergency egress was accomplished primarily through the overwing exits without injury
[NTSB, 1974 (359)].

Structural failures in air carrier aircraft may occur when the vertical induced velocities exceed
the design gust 1imits during violent maneuvers incident to evasive action, loss of control, overload con-
ditions, wake turbulence, extreme up and down drafts (wind shear), clear air turbulence, or combinations
of these and other causes. A study of such failures over a 10-year period in general aviation aircraft
has been published by Snyder [1972 (366)]. While explosion, bird strikes, explosive decompression, mid-
air collision, and fire also may all result in structural failure, there is still another category in-
volving failure of structure in the absence of any of these factors. This most commonly occurs when a
portion of the engine, gear, or wing control surface fails, and often does not result in an accident. Oe-
spite the relatively excellent safety record of NATO air carriers, such failures are not uncommon. Since
many cases of structural failure of an aircraft component do not result in an accident, the accident briefs
do not provide an accurate indication of the incidence of such failures.

Some recent examples of in-flight structural failures include the National Airlines McDonnell Douglas
DC-10-10 accident near Albuquerque on 3 November, 1973 when the fan section of a General Electric CF6-6D
turbofan engine failed, resulting in an explosive decompression and passenger fatality when he was sucked
out of the aircraft after the fuselage was pierced by debris [Aviation Week, 1975 (354)]. Some random in-
cidents during June through September of 1975 further illustrate this hazard. An American Airlines Boeing
727 flight from Los Angeles International aborted takeoff on 24 July with subsequent evacuation when the
right MLG sway brace became separated from its attachment at the shock strut, according to preliminary in-
vestigation [NTSB, 1975 (360)]. On 25 July one engine on a Continental Airlines McDonnell Douglas 0C-10-
10 was shut down on approach to Seattle due to high vibration. Preliminary investigation subsequently in-
dicates this was attributed to deformation and separation of turbine blades [NTSB, 1975 (361)]. On 24
August a United Airlines Boeing 747 enroute from San Francisco to Honolulu incurred an in-flight fire to
number three engine at 10,670 m (35,000 ft), and after landing at Honolulu without incident it was found
in preliminary inspection that a seventh-stage compressor rim failure had occurred [NTSB, 1975 (362)].

On 8 September an American Airlines Boeing 747-123 was on final approach to the San Juan International Air-
port, Puerto Rico, "when the outboard section of the left inboard trailing edge foreflap separated from

its attachment, struck the left side of the fuselage, and fell to the ground," according to preliminary
investigation. However, although one passenger reportedly sustained minor head contusions, the aircraft
was landed with no apparent difficulty [NTSB, 1975 (363)]. A Trans World Airlines Boeing 747, taking off
from London on 11 September, experienced failure of the tire and part of the wheel assembly which sepa-
rated and struck both left and right body gear wheel well doors and gouged the fuselage, according to
preliminary investigation, although this flight continued to Chicago and landed without incident ENTSB,
1975 (364)]. On 14 September the number four engine forward thrust reverse panel separated from the en-
gine ten minutes after takeoff of a Trans World Airlines Boeing 707-131B from Edwardsville, I11inois [NTSB,
1975 (365)]. These examples from a three-month period during 1975 indicate the nature of such failures;
those which attributed to accidents can be found by referring to the Appendices.

2.2.1.5 Explosive Decompression. Another in-flight hazard which occurs frequently on sched-
uled airlines involves rapid or explosive decompression. However, such incidents are usually reported to
the FAA only in the form of a "Mechanical Reliability Report" (MRR), so neither the actual number of oc-
currences nor their potential consequences are often publicly recorded. Study of this problem is current-
1y underway as of January, 1976, by the Human Factors Branch of the Bureau of Safety, National Transporta-




16

tion Safety Board. An idea of the number of decompressions is seen in the 253 which occurred in the 26-
month period between May, 196B and June, 1970 [FAA, 1971 (36B)]. "In house" studies by the Federal Avia-
tion Administration indicate that at least 27 decompressions occurred on U.S. scheduled air carriers dur-
ing 1972, of which at least 4 were explosive, and 34 decompressions, of which 7 were explosive, occurred

in 1973 [FAA, 1974 (369); see also Mohler et al., 1969 {370)1. The National Airlines McDonnell Douglas
DC-10 explosive decompression, which resulted in a fatality when a passenger was sucked out the fractured
fuselage window at 11,900 m (39,000 ft) near Albuguerque in November, 1973 [NTSB, 1975 (372)], and the
McDonnell Douglas DC-10 explosive decompression near Detroit on 12 June, 1972 [NTSB, 1973 (371)], are good
examples of near-disasters. One of the most recent incidents occurred on 27 December, 1975 when a Capitol
Airways International McDonnell Douglas DC-10, approaching Oakland from Honolulu at 9,750 m (32,000 ft),
experienced a decompression resulting in the hospitalization of 10 of 183 passengers and crew [NTSB, 1976
(373)]. Fatalities to 175 of 330 occupants in a USAF Lockheed C-5A transport crash occurred 4 April, 1975
in Saigon, when aft cargo door lock failure displaced 1,B46 cu m (65,000 cu ft) of air in less than 1 sec-
ond, severing empennage controls. A decompression was probably responsible for the worst crash in history
when on 5 March, 1974 a Turkish Turk Hava Yollari McDonnell Douglas DC-10, climbing through 3,962 m (13,000
ft) after takeoff from Paris blew out the left rear freight door, resulting in 345 fatalities (100). Injury
to passengers (and cabin crew) can occur not only as a result of the rapid or explosive decompression event
or subsequent structural consequences, but also in any resulting emergency descent.

Examination of current decompression experience should be considered also in light of projected re-
quirements, and for those aircraft already having service ceilings of 13,720 m (45,000 ft) (such as the
Gates Learjet 23/24/25 business jet transport series) to the 1B,000-18,290 m (59,000-60,000 ft) service
ceilings of the USSR Tupolev Tu-144 or Aerospatiale/British Aircraft Corporation Concorde supersonic
transports. For passenger flights above the 12,200-15,250 m (40,000-50,000 ft) levels, as has been point-
ed out by Mohler (1970), careful precautions are required with respect to (1) preventing pressurization
malfunctions and (2) providing appropriate occupant protection in the event of pressurization loss (370).
Significant factors are oxygen mask features, donning times, passenger and cabin attendants' response,
descent procedures, the cabin environmental compressor capabilities, and the aircraft descent limitations.
Mohler has provided a series of "critical cabin altitude" curves for passengers which have been tested in
the Civil Aeromedical Institute (FAA) altitude chamber. Proposed changes in the FAR's are presently under
discussion (1975).

2.2.1.6 Takeoff and Landings. A very high proportion of all accidents occur during the take-
off and landing phase of flight. The most recent and comprehensive study of takeoff and climb accidents
has been conducted by Newman for the Canadian Air Transportation Administration STOL Project survey [1975
(374)1. This report found that an aborted takeoff resulting from an equipment failure occurred in approxi-
mately 15 air carrier flights per million departures, with some 66% attributed to failure of a single en-
gine and about 16% to problems related to the landing gear. However, of these, Newman found that fewer
than 1% of engine failure-caused aborts resulted in an accident, while about 12% of the gear-related inci-
dents ended up as an accident. Overall, about one incident in 30 becomes an accident, with over 50% of
the aborts resulting in the aircraft veering off to the side of the runway. This study also found a "sur-
prising" number of multiple-engine-failure accidents occurring during both ground roll and initial climb,
with most attributed to bird ingestion. There have been a number of earlier studies. Among these, Fox-
worth and Marthinsen [1969 (375)] in an Air Line Pilots Association (ALPA) study reviewed 1B rejected
takeoff accidents of air carrier aircraft through 1968, an ICAO study reviewed world-wide runway overrun
reports [1967 (378)], Kennard [1962 (376)] reviewed approach accidents, and an Air Force study reviewed
military accidents [USAF, 1965 (379)}. The Newman CATA/STOL study reviews 101 accidents/incidents (for
takeoff and cl1imb phase only) where serious injury occurred, the aircraft inadvertently left the runway,
and/or substantial damage occurred (374). Approach and landing accidents in air carriers, representing
25% of all air carrier accidents during the period 1948 through 195B, were reviewed in a cooperative
Flight Safety Foundation/Boeing Airplane Company/Air Line Pilots Association study of 437 accidents [1960
(377)]. The Newman study, or the NTSB Annual Reviews of Aircraft Accident Data, U.S. Carrier Operations,
provide further references and data.

2.2.2 Ground Emergency Egress. In recent years there has been more widespread awareness of air
transport safety failures, and to some extent emergency egress problems, due to television documentaries
[Bergman, 1974; 1975 (381)] and publication of books in the general literature [Halacy, 1961 (394);
McClement, 1966 (405); Lowell, 1967 (404); Serling, 1969 (422); and Godson, 1974 (393)]. One of these,
Runway: Anatomy of a Major Crash [Godson, 1974 (393)], examines in great detail a single accident, that
of the crash of the Capitol International Airways McDonnell Douglas DC-8-63 at Anchorage, Alaska on 27
November, 1970. At present neither the NTSB nor FAA formally keep records of successful evacuations since
there is no requirement for this, although the Emergency Evacuation Laboratory at the FAA Civil Aeromedi-
cal Institute in Oklahoma City attempts to keep track of these through cooperation of the air carriers.
This makes it difficult to assess the overall reliability or effectiveness of current systems, since only
the failures attract-notice. However, these occur frequently enough so that problems have been well docu-
mented.

There have been a large number of accident reports (399; 410-418; etc.) and some human factors stud-
jes (3B2; 385; 388; 400-402; 406-409) which have recorded current experience and these should be referred
to for more detailed information. In addition, several special reports and reviews related to civil air
carrier accidents are available [Carroll, 1962 (385); Dougherty, 1966 (3B7); Doyle, 1967 (3BB); Flight
Safety Foundation, 1968 (389); Haley, 1967 (395); Hasbrook, 1958 (396); Henneberger et al., 1964 (39B);
Hoffman et al., 1976 (399); Shuckburgh, 1975 (423); Snow et al., 1970 (424); Snyder, 1976 (425); and
Tillman, 1956 (426)1. Studies of military air transport evacuations are found in Reagin et al. [1969 (13)],
Sawyer [1957 (16)], Snyder and Robbins [1971 (21); 1972 (22)], USAF Industry Life Support Conference {1967
(23{], and Haley [1967 appendix II (395)]. Emergency evacuation tests from the Lockheed C-141 have been
conducted by McIntire {1967 (406)], of the Lockheed (Galaxy) C-5A by the USAF [1970 (427)1, of the McDon-
nell Douglas (Nightingale)C-9A by Chesterfield [1969 (384)], of the Lockheed 1649 by Garner and Blethrow
(1966 (390)]1, and of the SST by Garner and Blethrow [1970 (391)]. Many other evacuation compliance tests
have been conducted by the airfoam manufacturers and the air carriers; some of the most interesting being
tests conducted in the Concorde supersonic transport certification program [Anstey & Brownbill, 1975 (421)].
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Undoubtedly the model professional study in the field is the Snow, Carroll, and Allgood FAA/CAMI re-
port of three air carrier accidents (United Airlines McDonnell Douglas DC-8, Denver, 11 July, 1961; United
Airlines Boeing 727, Salt Lake City, 11 November, 1965; and Trans World Airlines Boeing 707-331, Rome,

23 November, 1964) in which a total of 105 of the 261 passengers aboard the three aircraft died in the
lethal thermotoxic environment within the cabin one to three minutes post-impact, despite "mild" crash de-
celeration forces and "minimal" cabin destruction [Snow et al., 1970 (424)]). Other earlier major studies
have been conducted by Bruggink [1961 (382)] of three reciprocating engine transport accidents. Pioneering
air transport studies were published by Cornell University Medical School of a 1952 Northeast Airlines
Convair 240 crash at LaGuardia (386), and by Hasbrook of gross pattern of injury of 109 survivors of five
reciprocating engine transport accidents [1958 (396)]. Typical of the trend toward attempting to relate
medical and human factors to the crash environment is the study by Joensen and Joensen of the crash of a
Scandinavian Airlines Fokker F-27 into a mountain in the Faroe Islands (Sweden) on 26 September, 1970
(401). More recent human factors studies conducted by the NTSB Human Factors Branch have resulted in ex-
cellent in-depth reports. A few examples include the Capitol International Airways McDonnell Douglas DC-
8-63F at Anchorage, Alaska which crashed on 27 November, 1970 [Leroy, 1971 (402, 403)], the Pan American
World Airways Boeing 707 crash at Pago Pago, American Samoa [Burgin, 1974 (383)], or the Continental Air-
lines Boeing 727 crash on takeoff at Denver on 7 August, 1975, resulting in injuries to 55 occupants [Mc-
Cormick, 1976 (433, final report not yet released)].

The United Airlines McDonnell Douglas DC-8 accident at Denver in 1961 also resulted in a separate
FAA/CAMI analysis of the evacuation pattern by Hasbrook, Garner, and Snow [1963 (397)]. In this accident
16 of 122 occupants died of carbon monoxide poisoning, even though the impact was of low force and the cab-
in area was virtually intact. A post-crash fire outside the aircraft generated a large volume of dense
smoke and noxious fumes which funneled through the passenger cabin as soon as the exits were opened. It
was found that the 16 fatally overcome passengers, along with 65 other passengers, occupied a cabin area
in which aisle width was minimal and only one door exit was available for emergency escape at the extreme
rear of the compartment. In addition, there was no placard or other sign in the compartment indicating
the existence of emergency exits in the forward (first class) section. It was also determined to be "vir-
tually impossible" for cabin attendants in the tourist section to go forward and accelerate the passengers
toward the rear exit due to the narrow aisle width. Ironically, in contrast, the first class cabin had
three emergency exits available for only 41 occupants, and aisle width was 40% greater than that in the
tourist section. Prior to this incident no emergency evacuation instruction was given to the passengers.
Available fire-fighting equipment was unable to contain or control the post-crash fire in time to prevent
smoke from entering the cabin.

Due to the increased use of wide body air transports a brief review of the emergency evacuation
problems encountered in two accidents involving such aircraft may provide a typical illustration of cur-
rent problems. In the first case, a Pan American Boeing 747 struck the Approach Light System (ALS) struc-
ture at the departure end of the runway while taking off from San Francisco International Airport on 30
July, 1971 (191). The flight had 199 passengers and a crew of 19 aboard. At contact with ALS, which pene-
trated the passenger compartment, two passengers (seats 47G and 4BG) were seriously injured. A section of
angle iron nearly severed the left leg below the knee of the passenger in seat 47G, and severely lacerated
and crushed the left upper am of the passenger in seat 48G. A second piece of angle iron penetrated the
floor of the cabin and impaled seats 45F, 46F, 47F, and 4BF, but as the seats were unoccupied, there were
no injuries. A third section of angle iron passed through other unoccupied seats and lavatories. At this
time this resulted in three sections of the ceiling panels falling to seat-top level, causing no injury
but effectively blocking access to and egress from this area of the forward economy section. In addition,
several overhead baggage compartment doors came open, the movie screen near the right No. 1 exit fell to
the "down" position, blocking the view and movement from the aisle to the exit, and the complete passenger
escape slide rack fell from the left No. 4 door (See Fig. 13). Passenger shoes were put in the lavatory.

The aircraft continued in flight for 1 hour and 42 minutes while the flight crew assessed the struc-
tural damage and dumped fuel over the ocean. After returning and landing, the aircraft veered off the
right side of the runway and came to a stop in the dirt approximately 1,600 m (5,300 ft) from the approach
end of the runway. Fire was observed on and around the left wing main landing gear as the aircraft was
veering off the runway, but extinguished itself. Passengers were briefed concerning the emergency landing
and impending evacuation; there was no announcement over the public address system to evacuate the aircraft.
The first officer inadvertently transmitted the order to evacuate on the tower frequency rather than on
the public address system. Overhead luggage racks opened during the landing and dumped their contents in-
to the cabin. The second officer and second flight engineer came down from the flight deck, shouted to
the cabin crew to start the evacuation, and opened the No. 1 right and left exits and the right No. 2 exit.
Although they did not hear the verbal command to start the evacuation, cabin attendants toward the rear of
the cabin ooened their assigned exits when they saw the evacuation activities in the front of the cabin.
The available self-powered "bullhorns" were not used.

Motion pictures taken of the landing showed that right and left exits No. 1 were opened 30 seconds
after the aircraft came to a stop. The right No. 2 exit was opened in 3B seconds, right exit No. 3 opened
in 48 seconds, left and right exits No. 5 opened 1 minute 10 seconds after the aircraft stopped. The first
occupant evacuated (right No. 1 exit slide) 43 seconds after the aircraft stopped, and the first occupant
to use the left No. 1 exit slide did so 56 seconds after stopping. The evacuation of approximately eight
passengers from the forward section of the aircraft, in addition to the movement of passengers to the rear
of the passenger cabin because of failure or partial failure of emergency egress slides at five of the ten
exits (L-2, L-3, L-4, R-4, L-5) resulted in a shift of weight which caused the aircraft to tilt back on
the rear fuselages. This occurred as the right No. 5 door was opened (Fig. 14), and resulted in slide L-1
slanting aft. This slide was not used until someone on the ground pulled the slide to a more normal posi-
tion. Slide L-2 was blown back across the wing and parallel to the fuselage, and was not usable. Slide
R-2 extended in a horizontal position until a passenger entered the slide. The left-over-the-wing slide
L-3 was not used because the slide portion over the wing flap to the ground did not inflate. The gas gen-
erator for this slide was in the left body gear wheel well and the trigger mechanism had sustained impact
damage. The L-4 slide had fallen to the floor during the takeoff and was not usable. The R-4 slide did
not inflate. The gas generator bottle, mounted in the upper portion of the door structure, had shifted
toward the center of the aircraft and misaligned the trigger mechanism and the bottle. Slide L-5 was
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jammed under the fuselage as the aircraft tilted to the tail-down position. The exit floor was then about
1.5 m (5 ft) above the ground and some passengers utilized the exit by jumping to the ground. The forward
exit slides became almost vertical as the aircraft settled back on its tail. At least four persons were
observed using slide L-1 and others used R-1 after the aircraft tilted. Eight passengers were hospitalized
with serious back injuries after they used the No. 1 slides. Nineteen other persons received minor cuts,
abrasions, contusions and sprains during the evacuation. There was no record of the total elapsed time
required to complete the evacuation. Fortunately there was no smoke or fire to affect evacuation.
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Fig. 13. Diagram of emergency egress hazards contributing to injuries in this Boeing 747 accident.
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Fig. 14. Pan American Boeing 747 accident at San Francisco 30 July, 1971, resulting in nose-
high attitude. 27 injuries were suffered in the subsequent evacuation. Note wind effect on
left (L-2) slide, blown aft almost parallel to the wing, and right side (R-1) escape slides.
The vertical deolovment of left L-1 escape slide resulted in an almost vertical drop of
anproximatelv 27 feet (or a 3-story droog (Photo courtesy NTSB. See ref. 191.)



Fig. 16. Obstacles to passenger egress in Icelandic
Airlines McDonnell Douglas DC-8-61 "hard landing”
included failure of hat racks, injuring passengers,
and failure of overhead compartments, spilling life
rafts and an emergency escape slide pack into the
Fig. 15. Evacuation slide failure aisle.

in Pan American Boeing 747 accident.

Typical obstacles which may impede passenger evacuation in an accident are shown in Fig. 16. In
this case an Icelandic Airlines McDonnell Douglas DC-8-61 experienced a "hard landing" on 23 June, 1973 at
John F, Kennedy International Airport, New York. Subsequent to impact the No. 1 engine broke off and a
fire erupted in the engine pylon. Of 119 occupants, 30 received minor injuries and 8, including two stew-
wardesses, were seriously injured due to the "hard landing." However, factors influencing this night evacu-
ation included failure of the hatracks in the cabin, injuring passengers and creating egress obstructions;
the overhead compartments spilled life rafts into the cabin aisleway; and the emergency escape slide pack
on the right rear service door broke loose from its mounts.

Evacuation can be hampered by other final orientations of the aircraft fuselage, which may render
some emergency exits hazardous or unusable. For example, in a Northwest Orient Airlines Boeing 747 acci-
dent at Miami on 15 December, 1972 (244; 411), birds were ingested on takeoff, the nosegear collapsed
after striking a concrete abutment, and the aircraft came to rest in a tail-high attitude (Fig. 17). No
one was injured in the crash; however, four occupants received minor injuries in the evacuation, which was
accomplished in about 2 minutes. In this case the 2 rear exits were unusable, and one evacuation slide
failed to inflate, rendering that exit also unusable.

In a fourth case, a Trans World Airlines Boeing 747 was involved in an evacuation accident on 1 Sep-
tember, 1972, at the John F. Kennedy International Airport, New York, during which 8 passengers were in-
jured seriously and 72 received minor injuries (409). During taxi out for takeoff, a fire and smoke from
the left body landing gear precipitated the night evacuation. An evacuation alarm was used to initiate
the evacuation and all but about 70 of the 335 passengers aboard evacuated the aircraft via emergency evac-
uvation slides. The evacuation continued while the aircraft engines were still running, and most of the
80 injuries resulted when passengers were blown down by exhaust blast from the engines. Other injuries
were attributed by investigators to passengers deplaning with carry-on baggage and to passengers piling
up at the bottom of the evacuation slides. The slides were not illuminated by emergency exterior lighting,
and passengers landed on a hard surface (taxiway). Three of the evacuation slides were deployed near the
fire, and poor coordination and communication between crew members was found (411).

The Aerospatiale/British Aircraft Corporation Concorde represents the newest NATO air carrier air-
craft. Due to its increased performance over other types, of a maximum cruising speed of 2,179 km/h
(1,354 mph) TAS or Mach 2.05 at 15,635 m (51,300 ft), it has presented a number of new problems related
to safety. On 10-11 February, 1975 emergency evacuation certification demonstrations were carried out to
demonstrate to the Franco-British airworthiness authorities that the Concorde met requirements of TSS Stan-
dard 5-2 (issue 5, paragraph 9.2) [Anstey & Brownbill, 1975 (421)]. In such certification tests, regula-
tions require that the manufacturer demonstrate that the maximum number of passengers which can be carried
can be evacuated within 90 seconds to the ground or ramp steps using only the exits on one side of the
aircraft. (For U.S. certification this is specified in FAR 25.803[c].) In these tests 134 persons (3
flight deck crew, 3 cabin attendants, and 128 passengers) successfully evacuated in 85 seconds average
time, using three (right side) of the six slides available in this aircraft. In two of the three trials,
each of the three slides used operated normally and a rate of 50 persons a minute was achieved on the front
right slide on one evacuation test.

It is interesting to note that during the second of the three trials, the forward right slide unit
deployed but failed to inflate, the threshold emergency 1ight was inoperative, and the manual inflation
handle was not pulled. In addition, the right center slide was punctured on the underside of the inflated
walkway, making the slide portion unstable at its upper end. This center unit continued to be used in the
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Fig. 17. Tail-high attitude in this Miami Boeing 747 accident rendered the rear emergency evacua-
tion slide unusable (Photo courtesy Wide World Photos).

test but the s1iding rate decreased to 35 persons per minute (compared to 40 in the first trial, and 46 in
the third). The second trial was abandoned after 90 seconds. Analysis of the second evacuation trial in-
dicated that the unusability of the forward exit, uncertainty concerning safety of the center slide, and
absence of cabin attendants in other than the exit doorways to redirect evacuees, all contributed to the
slower (and possibly more realistic) evacuation test. A total of eight evacuees, all females, were in-
jured in these three tests, and this suggests that emergency evacuation injuries may also be of concern
with this new aircraft. As with other current wide body air carriers, the height above the ground of the
exit doors when the gear is down is impressive, being 4.95 m (16 ft, 3 in) to the sill of the forward exit
[Taylor, 1975 (65)]. However, as was noted in previous accidents, evacuations of wide-bodied air carriers
such as the 8oeing 747, can present hazardous situations when the sill height results in a high vertical
drop of evacuees. Fig. 18 illustrates the various safety features and emergency exit locations of the

Concorde aircraft, as positioned on production aircraft number 204, used in the certification tests of
February, 1975,
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2.2.2.1 Review of 1973-74 Accidents. A1l reported air carrier accidents for NATO countries
during the period 1964-1974 have been tabulated in Appendices A and B and should be referred to for addi-
tional information. In addition, preliminary accident data for 1975, obtained from the U.K. Civil Avia-
tion Authority [World Airline Accident Summary supplements 25 and 26 (99, 100) to 30 September, 1975], and
from Preliminary Accident/Incident Resume Reports of the NTSB for 1975, are tabulated in Appen. C, D. How-
ever, to illustrate the current problems in crash impact and emergency evacuation, 22 accidents occurring
during 1973-1974, the most recent period for which final reports are currently available, have been sum-
marized in the following.

1974

(1) On 30 January, a Pan American Boeing 707 collided with runway lights in landing at Pago Pago,
American Samoa, with subsequent gear collapse. Of 101 occupants, 96 were fatally injured. Although the
cabin structure remained intact and occupant restraint systems were adequate for the impact forces, pri-
mary emergency exits were not opened by crew. Passengers also crowded to the front and rear exits, ig-
noring the window exits. A1l survivors were seated in the middle of the cabin and had observed the pre-
flight briefing. The only fatal impact injury reported was to the copilot, and 5 survivors received in-
juriesi A;] other deaths were attributed to the post-crash fire, in what should have been a survivable
crash (276).

(2) A TWA Boeing 707 with 65 aboard was involved on 16 January in an excessively hard landing at
Los Angeles, resulting in collapse of the nosegear. In the subsequent fire the aircraft was destroyed,
but injuries to 8 passengers were attributed to the emergency evacuation and none to flames. The aircraft
was evacuated in 30-45 seconds (270).

(3) On 6 January a Beechcraft 99 operated by Air East crashed at Johnstown, Pennsylvania, while
descending below published minimum descent altitude (MDA). Due to the high vertical loads, this accident
was judged not survivable, although one of the 17 occupants survived. The occupiable space was substan-
tially reduced in the impact. While seat belts remained buckled, their floor anchorages and seat tracks
failed. There was no post-crash fire, and all injuries and fatalities were due to impact (430).

(4) On 4 January a United Boeing 727 lost an engine on takeoff at Tampa, Florida, and one of 118
occupants aboard was injured in emergency evacuation (431).

(5) On 11 September an Eastern McDonnell Douglas DC-9 crashed during an instrument approach at
Charlotte, North Carolina, and 72 of the 82 occupants were fatally injured. This accident was judged to
be partially survivable. The fuselage fractured on impact, and the tail section, including the last 5
rows of seats, was the only part to retain any structural integrity. Fire erupted in the cabin during the
crash sequence. The crash forces were estimated to be within human tolerability, but most passengers were
found outside the two main cabin wreckage areas,indicating restraint failures. Restraints in the last 5
rows remained intact, but most occupants who survived the crash there died due to post-crash fire. The
auxiliary exit through the tail was usable, but the attendant was probably unable to open it because of her
injuries. A1l survivors in the rear of the aircraft were either thrown out of the wreckage or crawled
through holes in the fuselage. Three survivors in the forward section, including the copilot and a stew-
wardess, egressed through the cockpit window. Thirty-one passengers and one crew member died from impact.
Twenty-five passengers died from burns and smoke inhalation, and the death of one passenger was attributed
to smoke inhalation only. Five passengers in the aft area of the cabin died from a combination of factors.
It was noted that survivors wearing double-knit clothing received more severe burns (432).

(6) On 20 November a Lufthansa Boeing 747 crashed at Nairobi Airport when the pilot failed to ex-
tend the leading edge slats on takeoff. In the subsequent crash which occurred shortly after the aircraft
became airborne, 59 of 157 occupants aboard died, and 20 were injured. No information is available on the
evacuation, human factors, or cause of fatalities and injuries (99).

(7) On 29 October a Panarctic 0ils Lockheed L-188 mixed cargo freighter crashed on 20 cm (8 in)
sea ice short of the runway during an instrument approach to Rea Point, Northwest Territories, Canada.
0f 34 aboard, only two survived. The fuselage separated behind the cockpit, and all seats (behind the
cargo section) were torn out. Fire broke out, and the aircraft sank in the sea. It was determined by
Canadian authorities that 16 of the 32 killed had potentially survivable impact injuries, 5 surviving long-
er than 15 minutes, 4 between 10 and 15 minutes, and 7 surviving less than 10 minutes, of which 6 had
drowned. Some belts may have had inadvertent impact release, as chafing on some of the cams on fabric-
type belts showed that the passenger had worn the belt, although thrown out of the seat in the impact.
None of the crew wore the upper torso restraint. Seats failed at floor tracks. A1l passengers were
thrown to the front of the aircraft in the impact, although the aft door T-handle was found up and the
door opened. Vertical loads of 16-20 G were estimated; the captain (who drowned) and copilot receiving
lumbar vertebral compression fractures (110).

(8) On 28 February an Aer Turas Douglas DC-7 overran the runway during landing at Luton, England.
Injuries to a crew member and one passenger, of 11 aboard, were attributed to not having restraints se-
cured (99).

(9) On 8 February a Union de Transports Aeriens (UTA) McDonnell Douglas DC-8 aborted takeoff at
Los Angeles due to fire in the landing gear area. Of 162 occupants aboard, one passenger broke an ankle
during evacuation. (See Appendix B.)

(10) On 26 January a Turk Hava Yollari (THY) Fokker 28 crashed on takeoff at Cumaouasi, Turkey with
72 aboard, with fatalities to 7 and injuries to 65. No information is available concerning emergency
egress oOr injury causation (99).

(11) On 1 January an Itavia Fokker 28 crashed during approach near Turin, Italy, with 42 aboard. 1In
the post-crash fire 4 were injured and 38 killed. No information concerning emergency egress or injury
causation is available (99).
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1973

(12) On 27 November an Eastern McDonnell Douglas DC-9 overran the runway at North Canton, Ohio,
plunging down an 11.6 m (38 ft) embankment. There was no post-crash fire, and high vertical impact forces
accounted for all injuries. The cabin and cockpit remained intact, but some head injuries were caused by
the collapse of overhead racks onto seat backs during final impact, which also interfered with use of over-
wing ?xiti. Evacuation was orderly and effective; however, all 26 occupants were injured in the crash im-
pact (273).

(13) On 17 December an Iberian McDonnell Douglas DC-10 struck approach lights during an instrument
landing system (ILS) approach into Boston's Logan Airport. Of 167 occupants, 16 received injuries from
evacuation. After the first impact the captain's seat became loose and s1id to its aft 1imits of travel.
The post-crash fire was extinguished before spreading. Cabin attendants could not open three of the exit
doors. Aft cabin floor buckling caused failures of some restraint components, but no seats became com-
pletely detached. Aisle blockage trapped 5 persons in the aft cabin. Four escaped through a fracture in
the top of the fuselage, and three of these were hospitalized when they slid off the fuselage (275).

(14) On 28 October a Piedmont Boeing 737 overran the runway on landing at Greensboro, North Carolina.
Five of 96 occupants were injured. Cabin evacuation was orderly. Small post-crash fire outside of the
fuselage caused no injury (266).

(15) On 3 November, after number three engine disintegrated in flight near Albuquerque, a National
McDonnell Douglas DC-10 with 128 aboard experienced an explosive decompression, fatally extracting one
passenger out a window. Smoke filled the aft part of the cabin following decompression. The deployment
of passenger oxygen masks was unsuccessful in some parts of the cabin, and took as long as three minutes
in others. Twenty-four injuries were due to decompression and smoke inhalation (255).

(16) During an ILS approach to Chattanooga, Tennessee, a Delta McDonnell Douglas DC-9, with 79 a-
board, crashed on 27 November. The impact was survivable, with the fuselage retaining its structural in-
tegrity. Scattered fires occurred around the fuselage, but died out or were extinguished. A flash fire
occurred in the rear of the cabin but caused no serious injuries. Emergency lighting was either inopera-
tive or obscured by heavy smoke from fire in the baggage compartment, making visibility very poor and ham-
pering evacuation. Debris in the aisle from the galley also interfered with movement. The evacuation was
completed in two to three minutes. A1l 42 injuries were reported to be as a result of impact (274).

(17) An Overseas National Airways (ONA) McDonnell Douglas DC-8 aborted takeoff after tire failure at
Bangor, Maine on 20 June. Fire occurred in the landing gear area. Evacuation of the 261 occupants did
not begin until three minutes after the aircraft came to a stop. There was confusion as to the location
of the fire. The left engines were left idling for more than three minutes after the aircraft stopped and
for nearly two minutes after the door 1ight came on. Not all of the attendants were at stations, and they
did not use megaphones, so no clear instructions were given to the passengers. Three injuries were sus-
tained during evacuation (257).

(18) On 23 June an Icelandic McDonnell Douglas DC-8 deployed full spoilers inadvertently just before
landing at New York with 128 aboard. Severe vertical loads on the subsequent crash landing caused 8 im-
pact injuries. Post-crash fire was quickly extinguished. Evacuation was orderly (253).

(19) On 22 July a Pan American Boeing 707 crashed after takeoff at Papeete, Tahiti, killing 78 of
79 occupants. The investigation was conducted by the French government.

(20) An Ozark Fairchild 227B with 44 occupants crashed at St. Louis on 23 July while shooting an ILS
during thunderstorm activity. Although this could be classed as non-survivable due to high impact loads
and severe damage, the two pilots were the only survivors. All but one passenger seats were torn loose
from the floor. Three seat belts failed. The cockpit remained relatively intact, but the pilots' injuries
could have been greatly reduced had they been wearing shoulder harnesses. A cabin attendant was killed by
cargo after the cargo net failed (263).

(21) On 10 April an International Vanguard Invicta crashed into mountainous terrain while executing
a missed approach near Basle, Switzerland. Of 145 occupants, 108 were killed and 36 received injuries.
However, details of the evacuation and crash are not available (99).

(22) On 11 July a Varig Boeing 707 with 134 occupants aboard had heavy smoke come into the cabin from
a lavatory during descent to Orly, Paris. Attempts to distinguish the source of the smoke were unsuccess-
ful. The flight crew were unable to see their instruments due to the smoke, so a forced landing was made
in a level area 6.4 km (4 mi) from the airport. The resulting crash landing was survivable. Seven occu-
pants escaped through cockpit windows, two attendants through the left forward door, and one through the
right galley forward door. A1l 116 deaths were due to CO» or toxic gas inhalation, and there were no sur-
vivors aft of the galley. Only the flight crew used oxygen masks through the period. The aircraft was
destroyed by post-crash fire

2.2.2.2 Summary of Emergency Egress Problems. As can be seen from the summaries of 1973-
1974 accidents, as well as the preceding cases noted, the cause of the injuries or fatalities is not al-
ways clear from the accident investigations. The crash impact is identified as having resulted in 81 in-
juries during this period and at least 107 deaths, not counting fatalities in non-survivable accidents.
But since many of these fatalities from impact probably also involved cabin areas which were non-surviva-
ble, injuries from this cause are difficult to assess without more precise factual reports. In the Ozark
crash (No. 20) (263), note that the pilots received injuries due to not using their shoulder harnesses,
while in the McDonnell Douglas DC-10 explosive decompression (No. 15) (255), the passenger sucked out a
window was wearing a lap belt loosely. A large number of seat track and restraint failures are observed
in the accidents involving higher impact loads.

It is important to note the 112 deaths and 81 injuries attributed to smoke inhalation and toxic fumes.
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As is discussed in greater detail in Section 3 (relative to smoke hoods), smoke, fire, and toxic gases
have been shown to be a major cause of fatalities in survivable accidents. Of particular note is an ear-
lier accident which occurred 27 November, 1970. 1In this instance, a Capitol International Airways Mili-
tary Air Command (MAC) charter McDonnell Douglas DC-8-63F aircraft crashed during an attempted takeoff in
freezing rain at Anchorage, Alaska [Leroy, 1971 (402, 403)]. Fire occurred before the aircraft came to
rest, followed by several explosions. Forty-five passengers and one cabin attendant did not survive be-
cause they failed to evacuate the aircraft--a 46th passenger died the following day. One hundred seventy-
three passengers and 9 crew members survived this accident.

This aircraft is normally configured to carry 250 passengers with 45 rows of seats and a 46th row
single seat on the right side. However, when used for military charter, the configuration is changed to
219 passengers to allow more space between rows. There were 219 passengers and a crew of ten aboard for
a total of 229 occupants. Passengers included two women, three young females, and a two-week-old infant.

The crash occurred without prior warning. While the aircraft was still moving, the left overwing
exit was opened and fire came into the cabin. Upon a second impact, major structural damage occurred.
At this time, with fire evident on the right side, a number of military passengers unfastened their lap
belts and reportedly attempted to get away from the fire area, but were caught by the third impact, which
threw them forward and injured several of them. Some seats failed; some persons found themselves outside
the aircraft still strapped in their burning seats.

Five of the 12 cabin exits were not utilized because they were either jammed, blocked, or not opened.
0f the two main left entry doors, one was jammed and inoperative. There were two galley service doors;
one was blocked and inoperative and the other partially blocked. Of the four jet escape exits, the two
forward exits operated effectively, but the two aft exits were not opened. Three of the 4 overwing exits
were opened. The cockpit/cabin door was blocked by 1.2 m (4 ft) of debris. One of the left-hand forward
escape slides ended in a pool of fire.

There was a failure of the emergency exit lights, which might have contributed to some failures to
evacuate. Since survivors had been seated in all parts of the aircraft, it has been termed a survivable
accident. A1l deaths were attributed to fire and smoke inhalation, although cyanide was also found in
the smoke. Eighteen of 19 blood samples taken at random from survivors exhibited carbon monoxide satura-
tions of from 17.3% to 68.6%. An interesting finding, similar to that found in the Salt Lake City Boeing
727 crash, was mechanical obstruction of the trachea, bronchi, and bronchioles by a black carbonaceous
material evidently produced in the cabin fire. Human factors study of this crash is not yet complete;
however, the pattern of fatalities due to fire and smoke inhalation is similar to that of previous major
survivable accidents and emphasizes the need for an emergency protective smoke hood and adequate emergency
exit 1ighting, and suggests the need for improved egress exits.

Numerous airline non-crash evacuations have occurred. Further, the possibility of emergency evacua-
tion occurring which is not initiated by flight crew, or one which progresses without the flight crew's
awareness, should be considered on the basis of two such occurrences in 1971. In April, a TWA Boeing 727
had landed at 0'Hare International Airport, but because a gate was not yet ready, had to hold on the ramp.
The flight engineer attempted to start the auxiliary power unit (APU) but unbeknownst to the crew, flame
from the APU start was observed on the right side of the aircraft by some passengers and a TWA supervisory
stewardess riding as a non-revenue passenger. As a result, an emergency evacuation was initiated through
the two left window exits and subsequently through the rear stairs. The three scheduled stewardesses were
not aware that an evacuation was in progress until they saw passengers leaving by these exits. The flight
deck crew was completely unaware than an evacuation was in progress (opening overwing does not activate
any cockpit warning lights). They were about to continue taxiing when the forward stewardess knocked on
the cockpit door, and concurrently a warning 1ight went on as the rear door was opened. The flight deck
crew then shut down and advised passengers to exit through the rear stairs. No emergency evacuation alarm
was sounded. Four serious and 7 minor passenger injuries occurred in jumping from the left wing landing
edge 2.7 m (9 ft) to the concrete ramp (435).

The second case occurred on 15 May, 1971, involving a United Airlines McDonnell Douglas DC-8 with
45 passengers and 7 crew aboard. Prior to boarding at San Francisco, the crew had been alerted to a bomb
threat. As the first engine was being started, a pneumatic air hose broke loose and began to flail about,
knocking down the ramp crewman and disconnecting his interphone. The explosive noise of the hose parting
and subsequent unidentified noise of the flailing against the aircraft caused the nervous stewardess to
commence evacuation. Overwing exits, rear exit slide, and an aft exit slide were employed, and the air-
craft was evacuated in 40 seconds. Six passengers received serious injuries when they jumped to the ramp
from the wings (433). The subsequent evacuation of a Pan American World Airways Boeing 747 at San Fran-
cisco on 30 July, 1971, as noted in Section 2.2.2, also has pointed up problems with emergency evacuation
equipment and shown that a new generation of escape devices will require new techniques (434).

During this 1973-1974 period 29 individuals were reported to have received injuries during evacua-
tion from the aircraft post-accident. This would clearly indicate that attention should be given to im-
proving egress techniques to provide greater safety in slide and exit design. Among other problems noted
in these cases were failure of the emergency lighting system, non-use or failure of the emergency public
address system, and failure of the emergency oxygen mask system. Heavy smoke in the cockpit caused the
emergency crash landing of the Varig Boeing 707 near Paris and caused the fatal crash of a Pan American
Boeing 707 freighter at Boston. Post-crash fire occurred in most instances, although was often extin-
guished early.

The recent special study by the National Transportation Safety Board examined 10 recent U.S. air
carrier accidents in which an emergency evacuation occurred [1974 (411)], and should be referred to for
further details. The factors which most commonly were identified as influencing emergency egress were:
weather, terrain, aircraft attitude, fire and smoke, evacuation slides, emergency lighting, emergency
communications equipment, obstructions to egress, passenger preparedness, crew member training, and crew
member procedures. This resulted in 10 safety recommendations concerning needed improvements in evacua-
tion slides, megaphones, public address systems, passenger briefings, emergency lighting, and crew member
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training.

The full tabulation of accidents (Appendices A-D) also indicates a surprising number of serious in-
flight injuries occurring as a result of non-restrained passengers during encounters with turbulence.
While this discussion of current accident performance has been brief, examination of summary data shows
that impact, fire, smoke, and toxic hazards, and emergency egress remain major problems requiring better
occupant protection techniques.

2.3 Military Air Transport Experience

Air transports designed or modified for military operations may present some different problems than
those in civil use relative to emergency egress and occupant protection. Factors may include alternative
seating configurations for each model, which may include side-facing troops or mixed cargo, different re-
quirements and procedures for emergency aisle or exit identification and usage, and other operational pro-
cedures.

Since aircraft configuration relative to high- or low-wing may play a role in the problem of occu-
pant protection and egress, a comparison of a typical high-wing transport, the Lockheed C-141, with the
low-wing Boeing C-135 was reported in a 1971 University of Michigan study conducted for the U.S. Air Force
[Snyder & Robbins, 1971 (22)5

2.3.1 USAF Lockheed C-141 High-Wing Transport. In this study a total of 14 Lockheed C-141 accidents
were reported as of November, 1971, and these are summarized in Table VI. Only two accidents involved
crash environments, and in both cases the aircraft were destroyed. Both must be classed as non-survivable
accidents, although one involved a crash into the sea in which two survivors escaped through the open fuse-
lage. From a crash protection or emergency egress viewpoint, these cases provide little additional acci-
dent performance information.

TABLE VI.

SUMMARY OF USAF LOCKHEED C-141 ACCIDENTS
Jan., 1966 - Nov., 1971

Total Injuries - Circumstances and
Day/Night Occup  Survivability Pilot Crew Passengers Egress Comments
1. Day 7 No crash 2 none 5 none Ldg and go-around
damage.
2. Day 7 No crash 2 none 5 none Minor damage.
3. Day 7 No crash 2 none 5 none In-flight explosive
decompression.
4. Day 7 No crash 2 none 5 none In-flight hail damage.
5. Day 5 No crash 2 none 1 serious In-flight evasion to
2 none avoid mid-air col-
lision - engineer
unrestrained.
6. Day 68 No crash 2 none 11 none 1 major Air evacuation. In-
1 minor flight turbulence.
53 none 2 nurses unrestrained.
7. Dusk 32 No crash 2 none 5 none 1 fatal Night drop. Para-
trooper fatality.
8. Day 8 No crash 2 none 6 none In-flight hail damage.
9. Day 8 No crash 2 none 6 none Precautionary 1dg.
10. Night 8 No crash 2 none 1 major In-flight explosive
5 none decompression.

11. Day 7 No crash 3 none 4 none In-flight explosive
decompression.

12. Day 29 Survivable 2 none 9 none 18 none In-flight rapid decom-
pression and hydraulic
failure. Loss of com-
munication system, use
of aft and crew en-
trance exits. Hand
fire extinguisher.
Flight deck.

13. Night 9 Non-survivable* 1 fatal 6 fatal Takeoff crash in sea.
Two survivors.

14. Night 5 Non-survivable 2 fatal 3 fatal Aircraft destroyed in

runway collision.

Source: Snyder and Robbins, 1971 (22)
* Two crew survived, but crash destroyed aircraft.

2.3.2 USAF Boeing C-135 Low-Wing Transport. A total of 30 low-wing Boeing C-135 accidents occurred
involving 194 crew members and 214 passengers. Of these, 15 accidents involved no injury to crew or pas-
sengers, 11 accidents were non-survivable and fatal to all occupants, one accident could probably be
classed as non-survivable (fatal to 81 of 83 occupants), and 3 accidents involved minor to major injuries.
Of the 30 Boeing C-135 accidents listed in Table VII, 9 accidents provide crash evacuation performance
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TABLE VII.

SUMMARY OF USAF BOEING C-135 ACCIDENTS
Jan., 1964 - Nov., 1971

Total Injuries
Configuration Day/Night Occup Survivability Pilot Crew Passengers c;;ﬁ:?:tggggzn::d
1. KC-135A Day 5  Non-survivable 3 fatal 2 fata) Crash into ground, catastrophic

destruction. IFR approach.
Material failure.

2. KC-135A Night 8 Survivable 3 none 4 none Overra; glc ;n :;;ht T.0. Emer-
gency exits used by crew. Rope
used on left pilot side but
unable to use on right side.
Alarm bell used.

3. KC-135Q Night 5 Survivable 3 none 2 none Normal 1dg and wing damage. No
" emergency egress.
4. RC-135S Night 18 Survivable 2 none 16 none Ran ofg ic; rgnway on 1dg. Alarm

bell used. Pilot and copilot
windows jammed. Change pﬂo:de

" inertial reel k to rt. side.

5. KC-135A Night 6  Survivable 2 none 4 none Aborte; ?!O.E:an]ggf runway.

Normal exit. No crew briefing.
Alarm bell used. Only 5 sets
survival gear for 6 crew; no
helmets worn.

6. KC-135A Day 6 Survivable 3 none 3 none Minor accident. 3 engine 1dg.
Normal exit.

7. KC-135A Day 4 Survivable 1 none 1 none 2 none Ldg go-around. Normal exit.

8. WC-1358 Day 9 Survivable 2 none 7 none Ldg roll off runway. Emergency
exits used. Evacuation in
45 secs.

9. KC-135A Night 7 Survivable 2 none 2 none 3 none Blew tires on T.0. Gear collapse

on 1dg. Alarm bell used. Crew
evacuation through crew entry
chute using escape rope.

10. KC-135 Night 6 Non-survivable 2 fatal 4 fatal WX approach into mt. Total
destruction.

1. Kc-138 Day 4 Non-survivable 2 fatal 2 fatal Crash on T.0. Total destruction.
None of crew wearing restraints
nor helmets.

12. KC-135A Day 56 Survivable 2 minor 1 major 11 fatal Ldg short of runway. Aircraft

1 none 6 major destroyed. Emergency evacua-
3 minor tion in 45 secs. All fatalities
32 none due to smoke inhalation; poor
emergency lighting; 5 crew in-
Juries due to improper lock on
shoulder restraint.

13. KC-135 Day 9 Non-survivable 3 fatal 6 fatal In-flight accident. Total
destruction.

14, KC-135 Day 4 Survivable 1 none 3 none Air refueling damage in flight.

15. KC-135A Day 5 Survivable 3 none 2 none T.0. crash. Emergency evacua-
tion. Rope used tangled.

16. KC-135 Day 4 Survivable 2 none 2 none Hail damage in-flight.

17. KC-135 Day 6 Survivable 2 none 4 none Hail damage in-flight.

18. KC-135 Day 4 Survivable 2 none 2 none F4 boom collision in-flight.

19, KC-135 Day 13 Non-survivable 8 fatal 5 fatal T.0. crash, total destruction.

20. KC-135 Day 3 Survivable 1 none 2 none Air refuel damage in-flight.

21, KC-135A Dusk 14 Survivable 2 none 5 none 7 none T.0. abort. Alarm bell used.
Unable to use rear exit.

22. KC-135R Day 5 Survivable 3 major 1 fatal T.0. crash fire. Aircraft

1 major destroyed. Fatality due to
not wearing seat belt or
helmet.

23. KC-135 Night 9 Non-survivable 4 fatal § fatal IFR 1dg approach. Hit mt.
Aircraft destroyed.

24. KC-135 Day 7 Non-survivable 2 fatal 5 fatal T.D. crash. Aircraft destroyed.

25. KC-138 Night 5 Non-survivable 2 fatal 1 fatal 1 fatal Ldg crash/fire. Aircraft
destroyed.

26. KC-135 Night 84 Non-survivable 3 fatal 8 fatal 73 fatal IFR T.D. crash. Aircraft
destroyed.

27. KC-135 Night 5 Non-survivable 2 fatal 3 fatal IFR 1dg crash. Afrcraft
destroyed.

28. KC-135 Day 4 Non-survivahle 2 fatal 2 fatal T.0. dutch roll. Aircraft

s destroyed.
29. KC-135 Night 8 Survivable 3 none 4 none 1 none Ldg short of runway.
3D. KC-1358 Night 83 Non-survivatle(?) 3 major 3 fatal 75 fatal [FR 1dg. Crashed short of run-
2 major way coming to rest inverted

in 3 sections. Destroyed in
fire and explosions. Copilot's
window jammed. Difficulty in
locating crash axe.

Source: Snyder and Robbins, 1971 (22)

information of particular pertinence to this study and are summarized as follows.

Case No. 1 (these numbers do not correspond with numbers in table). A Boeing KC-135A making a 3-
engine approach crashed short of the runway with 56 crew and passengers aboard. The aircraft was destroyed
by post-impact fire. Al11 11 passenger fatalities were attributed to asphyxiation secondary to hypoxia and
inhalation of smoke. This was attributed to their inability to locate or egress through emergency escape
exits in the confusion resulting from fire, smoke, and inadequate warning of the emergency landing. Thir-
ty-two passengers received no injury, 3 minor injury, 6 major injury; one crew member received major in-
jury, one none, and the two pilots minor injuries.
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In this case, investigation revealed that passengers were not briefed and the pilot did not know
how many passengers were aboard. There was no announcement to passengers to prepare for landing. The
crash was unexpected by the pilots, and no alarm bell was used prior to crash. Life preservers (LPV's)
were not worn by the pilot or some crew members, and only 31 LPV's were worn during egress. Had this
crash occurred in the ocean, some 305 m (1,000 ft) from the runway, egress from this aircraft could have
resulted in more lives lost. Fire broke out in the aft section and the cargo compartment, and the flight
deck filled with black smoke and apparently ammonia gas, causing panic among some passengers. Surviving
passengers escaped through the crew entry door, the emergency hatch over the right wing, and the emergency
hatch over the left wing.

The pilot, copilot, and boom operator received vertebral compression fractures in the impact due to
either not having the shoulder harness on or not locking it prior to landing impact. The navigator noted
all the equipment in the compartment above his station came down on his head on impact. Egress problems
were noted on the flight deck, with both the pilot and copilot getting stuck in their respective window
exits, blocking exit for other crew, and not having time to locate or use the escape rope. Evacuation
was completed in 45 seconds. The location of exits and fatalities is shown in Fig. 19. Note the pile-up
of four fatalities which occurred aft of the left overwing exit due to aisle blockage from small cargo,
and the apparent inability of those passengers in the aft compartment to egress through the right or left
aft escape windows, even though one individual was identified as sitting in the aisle seat adjoining the
left aft window. In this configuration, 26 individuals used rear-facing seats, but six passengers sit-
ting over the boom pod area would have had great difficulty in assuming the recommended ditching and crash
landing position as found in TO1C-135KA-1 [pp. 3-52 (436)], even if they had been pre-warned of the crash.
Survivors reported that they had a great problem in attempting to evacuate through the available emergency
exits from any seated position.

8 COLLAPSIBLE NYLON SIDE FACING SEATS

AXE
FIRE EXTINGUISHER

AFT ESCAPE HATCH
5 COLLAPSIBLE NYLON

16 NYLON SIDE FACING SEATS SIDE FACING SEATS

AFT ENTRY DOOR (SOME MODELS)
26 REAR FACING SEATS

CARGO AREA

IT NYLON SIDE FACING SEATS

OVERWING ESCAPE HATCH

2 CREW BUNKS

9 NYLON SIDE FACING SEATS<L 6% LIFE RAFTS
OVERWING ESCAPE HATCH
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CARGO DOOR /
FIRE EXTINGUISHER / /
CREW ENTRY DOOR ;
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Fig. 19. Location of emergency egress exits and fatalities in Boeing KC-135 crash (Case #1).

It was concluded by the investigators that the military Boeing KC-135 aircraft was not properly configured
to perform passenger service with safe emergency egress, and that emergency escape was impossible under
conditions of no emergency lighting, inadequate emergency exits for the number of passengers carried, and
lack of briefing. As a result it was recommended that the number of passengers on KC-135 aircraft be limit-
ed to the number that can safely egress under simulated emergency conditions in one minute, using only the
three escape hatches in the passenger compartment; that the loudspeaker system be modified to ensure posi-
tive communication between crew and passengers; that additional emergency exits or enlargement of existing
escape hatches be considered; and that installing impact-activated emergency 1ighting systems for emergency
exits also be considered.

Case No. 2. This Boeing KC-135A aircraft ran off the runway during an aborted takeoff. There was
no fire or smoke. Impact forces were low and all of the crew used the restraints provided. The crew had
HGV-2A/P helmets but none were worn; there were only five sets of survival gear, including life jackets,
for six crew members. There was no preflight crew briefing given. The boom operator was unable to use
the rear escape hatch due to aircraft altitude, and exited through the left overwing escape hatch. The
alarm bell was activated prior to going off the runway. Need of impact-activated lights was reiterated by
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investigators.

Case No. 3. This accident involved an emergency abort crash landing of a Boeing KC-135A on the run-
way on takeoff. A fire in the left wing area was extinguished and all crew evacuated without injury.
However, the pilot experienced difficulty with the emergency rope which became entangled around his right
foot, and it was released by the I.P. (instructor pi]ot?. Difficulty in identifying and reaching the
pilot's emergency rope storage compartments was reported, and it was recommended that the crew wear gloves
to prevent rope burns, and that an additional emergency escape rope be installed at the crew entry chute.
No alarm bell was used.

Case No. 4. An emergency abort was initiated on takeoff, and the Boeing KC-135A aircraft was stopped
off the runway with a brake assembly fire. The alarm bell was used and the I.P. instructed the crew on
interphone to evacuate as soon as the aircraft stopped, but passengers had no interphone communication.
Passengers opened the rear exit hatch but closed it due to smoke and flames, and ran forward to the left
wing exit hatch, noting jam-up of people at front entrance exit ladder.

Case No. 5. After takeoff, this Boeing KC-135A aircraft lost altitude, crashed, burned, and was
destroyed with major injuries resulting to four crew members. A fatal head injury was received by a navi-
gator, riding in the boom operator's seat, who was not wearing a seat belt. Evacuation was accomplished in
less than one minute using left and right cockpit windows. Distance was 1.5-1.8 m (5-6 ft) above ground
level and escape ropes were not used. The I.P. got stuck in the right cockpit window. Although none of
the crew were wearing helmets or parachutes, the flight medical officer recommended that parachutes not be
worn on takeoff or landing because of interference with emergency escape.

Case No. 6. This Boeing KC-135A aircraft hydroplaned on an icy runway and went off the runway on
landing roll. The pilot activated the alarm bell prior to stopping, and no fire occurred. Both the pilot's
and copilot's windows jammed and could not be used. The pilot escaped through the aft emergency escape
hatch, using the escape rope. The copilot and navigator evacuated through the crew entry door. Eleven
other crew members were facing aft and four were facing forward. Of these, nine egressed through the aft
emergency door, five through the crew emergency door, and one went out the wing emergency exit. The pi-
lot's shoulder harness inertial reel failed to lock, and because his left hand was busy with nose wheel
steering during the landing roll, it was recommended that the pilot's inertial reel lock switch be changed
from the left to right side so it can be more easily locked in emergency situations.

Case No. 7. On night formation takeoff, the Boeing KC-135A aircraft overran a McDonnell Douglas F-4
on the runway ahead, impacting at 148 km/h (92 mph), and swerving to the right off the runway, on fire.
There was no briefing whatever of the crew prior to takeoff; the tower supervisor had overslept and was
not on duty. The alarm system was activated after impact. Three crew chiefs and a boom operator exited
through the overwing escape hatch, with the latter receiving knee and scalp injuries in exiting. The re-
maining four crew members evacuated through the cockpit side windows. Although the escape rope was used
on the pilot's side, the I.P. was unsuccessful in getting it out the copilot's window.

Case No. 8. During an IFR (instrument flight rules) approach in a rainstorm, this Boeing KC-135B
impacted short of the runway. The airframe came to rest inverted in three main sections and was destroyed
in the subsequent fire and explosion. There were 78 fatalities; the three pilots and two of the three
flight deck crew receiving major injuries. Heat from fire, and smoke inhalation resulted in 95% of the
fatalities, and it was estimated by the flight medical officer that in the absence of fire, 70 of the 78
fatalities would have survived. A1l of the surviving crew received major injuries from acute chemical
smoke inhalation. Due to the inverted position of the aircraft, the surviving navigator was unable to find
an escape exit, and exited from an emergency exit cut aft of the copilot's seat by the rescue crew. Three
pilots and one engineer escaped out the copilot's side window, although it had jammed and had to be broken
out with a crash axe. The crew experienced considerable difficulty in locating the flight deck crash axe,
and it was recommended that it be relocated near windows and a canopy-shattering tool be installed. Except
for a single tier of three seats thrown clear when the fuselage broke up, all seats remained intact in the
impact. No alarm was given, and the report did not state whether any briefing was given to passengers by
the crew.

Case No. 9. A Boeing WC-135B encountered control problems on takeoff and crashed on the right side
of the runway. The nine crew members evacuated within 45 seconds and were uninjured. A small nose section
fire was extinguished. The pilot used the pilot's escape window without using a rope as the nose was on
the ground, and the copilot and flight engineer went out the copilot's window. The navigator exited over
the left wing from the aft compartment. The navigator received strain due to the side-facing position of
his seat. It was recommended that TO1C-135A-1 [Figs. 3-11, pp. 3-46 (436], be changed to show the navi-
gator seated facing aft in any emergency landing (297).

Details of the various Boeing C-135 and Lockheed C-141 Military Air Transport Operational Configura-
tions, emergency escape routes, crew positions, and emergency equipment storage are found in the respective
T.0.'s (technical orders) (436, 437), or are provided in Snyder and Robbins [1971 (22)]. The latter ref-
erence also includes detailed crash impact and egress deficiencies found in inspection of operational air-
craft, and in addition to confirming the observation and recommendation of the Combat Egress Working Group
Report [Reagin et al., 1970 (13)], points up other areas of concern. The accident experience summarized
in the foregoing sampling of operational high- and low-wing military transports indicates that there are
a number of areas in which occupant crash protection or emergency egress can be improved.

2.4 Ditchings

Since air carrier aircraft must fly over large expanses of water, even on some domestic flights,
protection of occupants exposed to water ditchings must be considered. An emergency ditching should not
be confused with an uncontrolled crash. The National Transportation Safety Board defines a water ditching
as "a forced landing of aircraft in water" [NTSB, 1970 (473)]. Such cases exclude instances where an air-
craft collided with land or water in uncontrolled flight. The U.K. definition of ditching is "a premedi-
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tated maneuver which, in the large majority of transport aircraft, has been proved capable of execution
with reasonable hope of escape and survival. It is deliberately executed by the pilot, under full control,
with the specific intention of abandoning the aircraft" [Townshend, 1963 (483)]. NASA defines ditching as
“to set an aircraft down upon water deliberately under emergency conditions, an act or instance of making
a forced landing on water with subsequent abandonment of the aircraft" [Adams, 1959 (439)].

Civil or military water ditchings of jet air carrier aircraft have rarely occurred, with only one

intentional case involving an Overseas National Airways McDonnell Douglas DC-9 turbojet reported to date
[NTSB, 1970; 1971; 1972 (10-12)]. In this 1970 accident 40 occupants survived (35 passengers and five crew
members); however, there were 23 occupant fatalities {including a stewardess and two infants). One unin-
tentional ditching of a McDonnell Douglas 0C-8-62 occurred in 1968, when a Japan Air Lines flight "landed"
5,791.2 m (19,000 ft) short of the runway in San Francisco Bay [NTSB, 1969 (472); Simpson, 1969 (475)].
In three other instances involving a McDonnell Oouglas DC-8, and two Boeing 707's, water contact was not
defined as a ditching. In addition, one Lockheed C-141 USAF military transport has crashed into the sea
on takeoff, and one McDonnell Oouglas 0C-8 crash-ditched during an attempted landing; however, there was
no attempt to ditch in either of these cases.

Air carrier ditchings have been studied both experimentally and as a result of accidents. King and
Richardson (469) examined 18 U.S. air carrier ditchings occurring between 1946-1956 and conducted Civil
Aeronautical Administration (CAA)/U.S. Navy ditching trials with a modified Martin 404 fuselage. Fisher
and Hoffman (458) studied Douglas DC-4 and 0C-6 ditching characteristics in 1950 by use of NACA models.
Oitchings between 1952 and 1962 were evaluated in detail by Townshend (483) who found that of 102 incidents,
53 were premeditated ditchings, of which more than half were 100% successful. In studying 11 inadvertent
ditchings and 22 incidents in which there were no survivors ("400-500 fatalities"), he concluded that a
substantial number could have been saved if life rafts had been available. In a third general study, 22
U.S. air carrier water ditchings were reported in detail for the period July, 1954 through June, 1964 by
Doyle and Roepe (457), who found that 647 of 720 fatalities were attributed to impact forces, while only
Z] d;ed as a result of drowning, exposure, or other causes. Doyle updated this experience in a 1967 paper

456).

In the Ooyle and Roepe [1965 (457)] study, the air carrier ditchings were identified by three groups;
those involving aircraft lost with no survivors, unintentional ditchings having survivors, and premeditated
ditchings having survivors. Five jet transport aircraft "ditchings" were reported for this period as sum-
marized in Tables VIII and IX. Note that none of these involved an intentional ditching and it is doubt-
ful that the three accidents listed in Table VIII can be classified as ditchings under the NTSB classifi-
cation.

TABLE VIII.
AIRCRAFT LOST IN WATER WITH NO SURVIVORS

Date Air Carrier Type Fatalities Survivors Remarks

1/28/61 American Airlines/Boeing 707 6 0 "Pilot training flight. Se-
vere impact. Possible struc-
tural failure after loss of
control. Fire and smoke."
1.6 km {1 mi) from shore.
(Long Island Sound, N.Y.)

3/1/62  American Airlines/Boeing 707 g5 0 "Control failure. Crashed
after takeoff. Debris and
fuel burned at impact." 1.6
km (1 mi) from shore.
(Jamaica Bay, N.Y.)

2/25/64 Eastern Airlines/McDonnell 58 0 "Occupants died at impact.
Douglas DC-8 Unused flotation gear re-
covered." 6.4 km ?4 mi)

from shore. (Lake
Ponchartrain, La.)

Source of Tables VIII and IX: Doyle and Roepe, 1965 (457)

TABLE IX.
UNINTENTIONAL DITCHINGS HAVING SURVIVORS

Date Air Carrier Type Fatalities Survivors Remarks

9/24/61 American Airlines/Boeing 720B 0 n "Overshot landing. Occupants
picked up by small boats.
Evacuation completed in 10
min." .16 km (0.1 mi) from
shore. (Boston Harbor, Mass.)

4/7/64 Pan American/Boeing 707 0 145 "Overshot landing. Occupants
eventually walked to shore;
very confused evacuation."
16 km (0.1 mi
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Although no current-generation aircraft designs are involved, Table X shows an estimate of survivors
in ditchings had adequate flotation gear been available. This indicates that 48 of the 49 fatalities
should have survived the ditching.

TABLE X.

PROBABLE SURVIVORS IF ADEQUATE FLOTATION EQUIPMENT
HAD BEEN AVAILABLE

Air Type Probable Means by Which Additional Lives
Date Carrier Aircraft Fatalities Survivors Could Have Been Saved
C P C P
12/22/54  JOHF DC-3C 1 g 1 g  Survivors swam 22.9 m (75 ft) to

shore. Ample time to evacuate
sinking aircraft. Life rafts and/
or vests would have saved all 10
fatalities.

9/24/55 FLTX DC-4 3 0 2 0 Life raft accessible from cock-
pit would have saved 2 of 3 fa-
talities. One trapped c/m could
not be saved. One ¢/m killed by
shark attack and the other c¢/m
by drowning/exposure.

4/2/56 NWA B-377 1 4 1 4  Buoyant cushions saved survivors.
Life rafts would have saved all
5 fatalities, as ample time was
available to evacuate and the
proximity of rescue craft was
such that everyone should have
survived.

9/23/62 FLTX L-1049H 5 23 5 23 Only 1 of 5 25-man rafts avail-
able for use. Relocation of wing-
stowed life rafts to interior of
aircraft and better crew and pas-
senger discipline would have saved
all 28 lives, provided all occu-
pants were able to evacuate the
aircraft successfully.

1/17/63 WCA F-27 3 0 3 0 Crew died of exposure and drown-
ing in extremely cold water.
Life rafts would most likely
have assured their survival.
13 36 12 36
49 48

TOTALS

Source: Doyle and Roepe, 1965, Table VIII (457)

Several conclusions resulted from this study. It was observed that "all factors being equal, pre-
meditated ditchings should have an equal or greater number of survivors than a forced landing on land, if
adequate survival and rescue facilities are provided." It was also noted that "most present-day aircraft
are capable of withstanding ditching impact forces and remain afloat for a sufficient length of time to
complete a successful evacuation. High-wing aircraft are possible exceptions to this conclusion. The
addition of top hatches on such aircraft would provide a means of egress for occupants in the case of wa-
ter landings" [p. 657 (457)].

The findings that 647 of 720 fatalities in the above study were attributed to impact injury appear
to contrast with the case for general aviation aircraft. Snyder [1974 (476); 1975a (477); 1975b (478)]
and Snyder and Gibbons [1974 (479)] studied 306 light aircraft ditchings, involving 633 occupants, which
occurred in the United States between 1964 and 1974, finding 88.5% survivability, and reporting that at
least 50% of the fatalities occurred subsequent to a successful ditching, and were due to drowning after
egress. This study reported finding that occupants of high-wing multi-engine light aircraft have a signi-
ficantly less chance (>0.005), with 37.9% occupant fatality rate, of surviving a ditching when compared to
other configurations (477), agreeing with conclusions expressed previously by Townshend [1963 (483)], and
Doyle and Roepe [1965 (457)]. If these indications are correct, the ditching capability of air carriers
such as the Airbus Industrie A300 series probably involves some greater risk than would be expected in
low-wing configuration ditchings. In this regard, ditching experience in military jet high-wing trans-
ports (Lockheed C-141) has been evaluated by McIntire (406) and Snyder and Robbins [197] ?21); 1972 (22)].
The USAF Lockheed C5A has also been evaluated for ditching egress [1970 (427)]. A comprehensive discus-
sion of the factors in ditching an air bus, including considerations of high- vs. low-wing design, has
been published by Townshend [1968 (484)]. Air carrier aircraft ditchings have resulted in a number of
additional studies through the years, but no attempt has been made here to include a comprehensive listing
(440-446; 449-450; 452-454; 459; 471; 481-482; 487); it is suggested that Snyder, 1975 (477) be referred
to for a more complete bibliography.

Military aircraft have been ditched with overall greater frequency than civil aircraft [1965 (450)],
and there is an extensive literature. Rotorcraft often ditch [1969 (440)], and Bruggink has summarized
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ditching techniques for helicopters [1968 (447)]. White et al. have studied ditching egress [1952 (486)];
Keating, 40 G ditching seats [1954 (468)]; and Dodd, the rate of cockpit flooding in a sinking aircraft
[1963 ?455)]. Considerable work has been done, mostly by the U.S. Navy, relative to underwater escape

from aircraft, and a comprehensive listing can be found in Woerden [1961 (487)], Snyder et al. [1963 (480)],
and Ice et al. [1966 (467)].

General survival principles have been examined in other studies. One of the most comprehensive dis-
cussions of general ditching procedures was published by Kysor, a former Eastern Airlines captain, in 1961
(470). The most complete manual on aircraft ditching is a combined publication of the Army, Navy, Air
Force, and Department of Transportation [1968 (451)], which includes detailed instructions on basic ditch-
ing techniques as well as ditching under adverse environmental conditions. Design priorities of low-wing
and adequate flotation have been proposed by Hardingham [1948 (465)], who found that "drowning occurs in
far too many ditchings" (p. 480). In the United Kingdom, under project "Walrus" (Wrecked Aircraft Loca-
tion and Recovery Under the Sea), Hunt has analyzed some 43 aircraft which ditched and sank between 1961
and 1970, 32 of which sank in under 182.9 m (600 ft) of water, and 3 in depths over 1,828.8 m (6,000 ft)
[1974 (466)]. Bruggink [1972 (448)], in a special NTSB report, has outlined emergency ditching technigues.
More recently, several issues of the FAA Aviation News [1974 (462-464)] have included pointers for pilots
concerning ditching techniques, primarily for those flying light aircraft. Recent ditchings have included
a Douglas DC-3 non-scheduled passenger flight 25 July, 1975 in Lake Mistassini, Quebec, Canada, when the
pilot became lost and "made a perfect ditching in the lake approximately 20 feet [6.1 m] from the shore"
(100). On 14 January, 1976 an FAA crew, ferrying a North American Rockwell Sabreliner 40 flight inspec-
tion aircraft from Frankfort, Germany to Oklahoma City, ditched in the Atlantic 106 km (66 mig off Recife,
Brazil. Two of the crew were injured and an electronics technician killed; however, at this time it is
not known whether the injuries were due to drowning, impact, or other causes [1976 (441)]. In December,
1975 a Britten Norman BN2-8 ditched near St. Thomas, Virgin Islands [NTSB, 1975 (474)]. Meanwhile, light
aircraft continue to ditch in the United States at an average rate of about 29 per year [Snyder, 1975
(477)], and ditchings are reported for other NATO countries as well [Dept. of Trade, 1974 (452-454)].

Due to the rarity of intentional ditchings by jet air carrier aircraft, one intentional and three
unintentional recent ditchings are summarized in the following relative to environmental conditions and
human factors aspects.

2.4.1 Unintentional Ditchings of a Lockheed C-141A and Two McDonnell Douglas DC-8 Aircraft.

2.4.1.1 Military C-141A Ditching Experience. A crash occurred 13 April, 1967 in Cam Ran
Bay during takeoff of a C-14TA aircraft. After the pilot noted the controls felt "mushy" on takeoff, the
aircraft struck the water at about 259 km/h (161 mph), and was destroyed. Water contact was in a flat
left-wing-low attitude, with wing flaps extended to 75%, landing gear full down, and the spoilers in the
ground position. Seven crew members were fatally injured or drowned, one (the loadmaster) received major
injuries, and one (the pilot, seated in the left seat) received minor injuries of the face and limbs. The
two survivors were transferred to the hospital 1 hour 9 minutes post-impact.

Insufficient information is available to evaluate the C-141 ditching characteristics from this crash,
since the aircraft was not in recommended ditching configuration--the gear was down, flaps in approach
position, spoilers deployed, and air speed excessive. All cockpit seats were found with the seat belts
unfastened and inertial reels automatically locked (except for the copilot's seat). Both seat belt assem-
blies (side-facing) that the loadmasters were using in the aft compartment failed, coming loose from the
rings.

Although the probable cause of fatalities was drowning, the investigation noted that the aircraft
commander and one flight engineer had head injuries which might have rendered them unconscious post-impact.
Similarly, another engineer reportedly had a crushed left chest which could be attributed to impact. Al-
though the surviving pilot was wearing an upper torso restraint, the accident report does not indicate
whether the fatally injured crew members were wearing upper torso restraints.

The flight deck interior was submerged within seconds after water impact. The pilot (I.P. was in
the right seat) attempted to stand up but found his seat belt was still on. After releasing it he started
swimming up, was pounded back by a wing section, and finally climbed on a wooden pallet. The surviving
loadmaster was slammed into the bulkhead between the galley and flight deck entrance when his seat belt
failed. As the aircraft was immediately filled with water, he got tangled up trying to swim out, and fi-
nally found a hole, either the open troop door or a gaping hole inside. He did not open any escape hatch.
He did not think anyone was killed by impact but rather trapped and drowned.

The crew had no warning prior to the ditching, although the surviving loadmaster, who was on inter-
phone, could tell there was some sort of emergency from the cockpit conversation. The crash circumstances
of this accident preclude any conclusions concerning evacuation under normal ditching, except to indicate
that there may be little egress time post-impact. However, failure of the side-facing seat belt assemblies,
and the possibility that two of the flight deck crew were not wearing upper torso restraint could have
contributed to the fatalities.

The experience represented by this single C~141A crash/ditching to date had been previously predicted
in a study by McIntire [1967 (406)]. Using Army paratrooper subjects, emergency evacuation time in the
C-141A was investigated under simulated ditching conditions. McIntire's review of prior ditching and wa-
ter-crash cargo/transport accidents showed that high-wing aircraft either head up and sink immediately, or
they are heavily damaged and quickly sink to the wing level; in both cases flooding the passenger compart-
ment within 5 to 30 seconds. The most rapid ditching evacuation time reported in the C-141 tests was 230
seconds when Tife rafts were not deployed, and 337 seconds (5.6 min) when the 1ife rafts were deployed.
The average time found required to evacuate 114 passengers and 6 crew members and to deploy life rafts and
survival equipment was 480 seconds. McIntire concluded that "if a high-wing transport like the C-141 goes
into the water, and if the cabin remains level and does not fill with water, and if there are no injuries,
114 passengers and 6 crew members will require approximately 450 seconds to escape the aircraft and deploy
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their survival equipment. In an actual emergency, it is reasonable to expect that the escape time will

be Tonger" [1967 (406)]. Since a maximum time of 30 seconds is available prior to the aircraft sinking,
the probability of passenger escape in this situation is poor. Note that these simulated tests did not
involve fire or smoke hazards, which could considerably increase these evacuation times. The USAF Industry
Life Support Conference of 1967 found the following "inadequate ditching provision deficiencies...hatch
opening deficiencies, poor escape ladder placement and deployment methods, and poor location of internal
survival equipment" [1967, p. 17 (23)].

2.4.1.2 1968 Japan Air Lines McDonnell Douglas DC-8 Ditching, San Francisco. On 22 Novem-
ber, 1968, at about 0920 PST, a Japan Air Lines McDonnell Douglas DC-8-62 aircraft bound from Tokyo, Japan
to San Francisco landed (in the ocean) 5,791.2 m (19,000 ft) short of Runway 28L. Aboard were 11 crew
members and 96 passengers for a total of 107 occupants [NTSB, 1969 (472)]. A human factors study was re-
ported by Simpson [1969 (475)] as abridged:

On final approach the aircraft struck the water with the right main landing gear. The left main
landing gear subsequently contacted the water, and the aircraft made a slow turn to the left. Upon ini-
tial contact with the water, the captain stated that his indicated airspeed was approximately 254 km/h
(158 mph). Some of the experienced travelers aboard described the aircraft deceleration as merely a hard
landing, and many of the passengers thought they were on the runway until they looked out and saw the wa-
ter. During the deceleration some of the carry-on baggage s1id forward one to two rows; however, it was
reported in other instances that carry-on baggage remained in place.

Many of the translucent plastic covers over the so-called "cove" lights under the overhead rack came
off at impact and were propelled at a high velocity through the passenger cabin. Apparently, no one was
injured by these missiles. Blankets and pillows thrown from their stowage in the overhead racks cluttered
the aisleways. The heavy metal rod across the fuselage to which the class divider curtain in front of the
aft cabin 1s attached came loose on deceleration and was propelled into the forward cabin. No one was
struck by this object. With the exception of one steward in the aft cabin jump seat, all occupants were
positioned in their seats with seat belts fastened. This steward was seated and in the process of fasten-
ing his seat belt when the first impact occurred. He stated that he was able to hold onto his seat belt
and remain in his seat during the first impact; however, on the second impact he was thrown forward approxi-
mately 2.4 m (8 ft), but was not injured.

The aircraft came to rest on the bottom of the bay in an approximate four-degree, nose-up attitude,
supported by its intact landing gear. The water level was reported to have been about 1.8 m (6 ft) below
the door sills of the forward Type I exits, .6 m (2 ft) below the leading edge of the wing, and .9 m (3 ft)
above the door sills of the aft Type I exits. Two Type I exits were located in the forward compartment,
one on each side of the fuselage. Two Type I exits were located in the aft cabin section. Also located
in the aft passenger cabin were four Type III exits, each measuring 50.8 cm x 121.9 cm {20 x 48 in), situ-
ated over the wings, two on each side of the aircraft fuselage. Two 25-man life rafts were stored over-
head in the center of the aisleway of the forward cabin immediately behind the cockpit entry door. Four
25-man life rafts were stored overhead in the center of the aisleway across from the overwing exits at
seat rows 12 and 15 (no seat row 13). In addition, two 25-man life rafts were stowed overhead in tandem
at seat row 31 (last passenger seat row), making a total of 6 life rafts in the aft cabin section and two
rafts in the forward cabin section. An adult life jacket, stored in a yellow container under each seat,
was available for each passenger. On the back of each passenger seat were printed the words: "Life vest
under front of your seat."

Immediately after the aircraft came to rest the purser reassured the passengers that the aircraft
was resting on the bottom of the bay and would not sink. The passengers were advised to remain calm and
to don their life jackets. There was some difficulty in obtaining life jackets because of displacement
of carry-on baggage which became forcibly jammed under the seats at impact. All passengers were briefed
as to procedures for donning life jackets; however, some passengers nevertheless experienced considerable
difficulty. Child life jackets were not immediately available for each of the six infants aboard as the
child vests were stored in the aft galley area, inaccessible to the cabin attendants due to heavy conges-
tion in the aisleways which inciuded both occupants and miscellaneous litter.

One of the stewards was reported to have had difficulty opening the main cabin entry door. Upon
discovery that the cabin pressurization system was maintaining a slight positive pressure and correction
of this condition, no further difficulty was experienced in opening the door. The pressurization system
was bled and the electric power system to the aircraft turned off simultaneously. Discontinuation of elec-
tric power resulted in failure of the aircraft public address system. Since no portable systems, i.e.,
bullhorns, were present on this aircraft, the crew was forced to conduct the evacuation by shouting the
necessary commands.

Two life rafts were removed from their stowage in the forward cabin section and launched, one from
the main cabin entry door on the left side of the fuselage, and the other from the forward galley service
door. Only two of the four life rafts stored in the aft cabin section across from the overwing exits were
utilized. These two life rafts were launched from the leading edges of the wings, one from the left and
the other from the right wing. One of the two 1ife rafts stowed in the extreme rear of the aft cabin sec-
tion was launched from the forward galley service door. The stewardesses reported that it was almost im-
possible for them to remove any of the 1ife rafts from their overhead stowage areas without the rafts,
each weighing approximately 65 kg (143 1b), falling to the floor and perhaps being damaged. Therefore,
male crew members had to perform all handling of the life rafts, from removal at stowage areas to launching.

The actual evacuation of the aircraft was not initiated until the aircraft had been on the water
approximately 5 minutes. Since there appeared to be no imminent danger of the aircraft sinking, evacua-
tion was not completed until about 12 minutes later. It was extremely difficult to determine the passen-
ger flow and exits used during the evacuation due to the language barrier and the unavailability of pas-
sengers following their rescue and release by U.S. Customs and Japan Air Lines. Although no one was in-
jured in this accident, Simpson noted a number of hazards which could have been more serious problems had
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rapid emergency evacuation been required. These included:

(a) A serious injury potential was created when the cove 1ight covers were detached at impact and
became flying missiles throughout the cabin.

(b} Failure of the public address system at a critical moment in the evacuation resulted in diffi-
culties experienced by crew members in communicating with passengers.

(c) Children's 1ife vests were not immediately available to every child and, therefore, some small
children were without a personal flotation device of any kind.

(d) Difficulties and delays were imposed by small female crew members attempting to remove the
heavy life rafts from their overhead stowage areas, and by inexperienced persons, with a variety of lan-
guage backgrounds, attempting to don life vests.

(e) The placard "Life vest under front of your seat" tended to confuse a number of passengers, many
of whom interpreted this as an indication that their 1ife vests were located under the backs of the seats
directly in front of them. In addition, carry-on baggage served as an impediment to removal of 1ife vests
from their under-seat stowage locations.

Fig. 20. Crew leaving the aircraft after inad- Fig. 21. Passengers evacuated in life rafts
vertent water landing of Japan Air Lines McDon- (Photo courtesy J. Simpson, FAA, CAMI).

nell Nouglas DC-8 in San Francisco Bay, Califor-

nia (Photo courtesv J. Simpson, FAA, CAMI).

2.4.1.3 1969 Scandinavian Airlines McDonnell Douglas DC-8 Ditching, Santa Monica Bay, Calif.
A Scandinavian Airlines Systems McDonnell DougTas DC-8-62 crashed on 13 January, 1969 in Santa Monica Bay
approximately 9.7 km (6 mi) off Los Angeles International Airport [NTSB, 1970 (161)]. This aircraft was
attempting an instrument approach to Runway O7R which resulted in "an unplanned descent into the water."
The aircraft was destroyed by impact, with the fuselage breaking into three pieces, two of which sank in
107 m (350 ft) of water. The third section, including the wings, the forward cabin, and the cockpit,
floated for about 20 hours before being towed into shallow water where it sank (and was later recovered).
0Of the 45 persons aboard the aircraft, three passengers and one cabin attendant drowned; 9 passengers and
two cabin attendants are missing and presumed dead; 11 passengers and 6 crew members (including the cap-
tain, the second pilot, and the systems operator) were injured in varying degrees; and 13 passengers es-
caped without reported injury. There was no fire. The flight recorder was recovered and indicated water
impact had occtirred at 287 km/h (178 mph) airspeed and 1.5 +G vertical acceleration at the C.G., taildown.

The six crew member survivors were located in the forward portion of the aircraft, with 18 passenger
survivors from the forward tourist cabin that remained afloat, and 6 passenger survivors from the aft ca-
bin section. The cockpit filled with water to one-third depth. Passenger survivors reported only one im-
pact which they described as a very hard landing. The impact was followed by rapid deceleration. Quan-
tities of water were forced up through the cabin floor, and the center aisle between seat rows 2-11 was
disrupted, with portions missing entirely and leaving openings down to the baggage compartment. This con-
dition made evacuation difficult. The surviving crew members, assisted by a non-revenue captain and stew-
ardess, evacuated passengers from the cabin onto the wings through the overwing exits. and into 1ife rafts.
From impact to rescue was estimated as from 45 minutes to 1 hour.

The survivors reported several egress problems, mainly associated with the panic conditions following
the impact. A major problem that could have affected survivability following this accident was the re-
ported rapid collapse of two life rafts when they were punctured by the jagged wreckage (despite double
tube construction). It was suggested that an improvement would be to compartmentalize the tubes and con-
nect them with one-way flow valves to increase 1ife raft reliability. The "Fasten Seat Belt" sign was on
but the "No Smoking" sign had not yet been turned on. A1l occupants apparently had seat belts on, but the
nature and cause of occupant injuries, as to whether received at impact or during evaucation, was not re-
ported. Failure of 1ife jacket lights was reported. Difficulty was noted in finding the life raft cover
release pull string. In the darkness on the wing life rafts had to be turned over several times to locate
the string, and it was suggested that life raft covers should have a ball handle and/or luminous paint to
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facilitate finding the lanyard for the 1ife raft inflation. The emergency cabin lights operated, although
it was reported they did not remain lighted long. Some of the survivors reported that the standard seat
belts had extra long free ends which delayed their release, since they had to interpret what the problem
was during a time of panic, as well as having to use both hands to release the belt.

2.4.1.4 Intentional Ditching of McDonnell Douglas DC-9. On 2 May, 1970 an Overseas National
Airways DC-9-33F operating as ALM {AntiTliannse Luchtvaart Maatschappij) Dutch Antillian Airlines, ran out
of fuel and was ditched 46.6 km (29 mi) E.N.E. of St. Croix, Virgin Islands VOR (very high frequency omni-
range station) in the Carribean Sea. This is the only known intentional ditching of a scheduled jet air
transport aircraft to date. Detailed information can be found in NTSB accident reports [1970 (10); 1971
(11)], NTSB special study [1972 (12)], and in Walhout (Human Factors Group Chairman's Factual Report [1970
(485)]. Of 63 aboard, there were fatalities to 23, including a stewardess and two infants.

This flight departed J.F. Kennedy International Airport, New York, for St. Maartens, Netherland An-
tilles, with 55 adult passengers, two infants, and a crew of 6 aboard. At St. Maartens, after aborting
one ADF approach and three circling approaches, they diverted to St. Thomas. They then changed course to
St. Croix due to fuel shortage. The captain instructed the purser to brief the passengers for a possible
ditching, and to have the passengers don life jackets as a precautionary measure. No further instructions
were given. The navigator, with the help of the purser and a male passenger, repositioned the 1ife raft
from the coat closet into the galley area, with some difficulty. Passengers reported difficulty in re-
moving 1ife vests from the storage pockets under the seats. The steward put life vests on the two infants
aboard.

There was no "prepare to ditch" warning given by the crew prior to water impact, nor was a "brace
for impact" warning given. Neither the navigator nor the purser had time to fasten his seat belt before
impact. The steward was seated on the life raft package, facing aft. The stewardess's position at im-
pact is uncertain. Some passengers were seated upright; some had assumed a brace position; others were
standing, donning their life vests, when impact occurred. There were reports of seat failures. Some
passengers did not have their seat belts fastened at impact. Other passengers reported being thrown from
their seats despite having fastened seat belts (although the report does not provide this information,
similar instances have previously occurred when long belt ends whipped and released buckles in the metal-
to-webbing type seat belts). One couple reported that they had unfastened their belts prior to impact in
order to be able to evacuate faster. Evacuating passengers observed unconscious or apparently lifeless
passengers subseguent to impact. The pilot had a life vest on as well as shoulder harness and seat belt.
The copilot wore his shoulder harness but no life vest. The impact deceleration was reported to be severe,
longitudinal, with a minor left lateral component.

Post-impact, the copilot, navigator, purser, and steward evacuated through the galley door after
having difficulty with the life raft, which inflated in the galley area. The captain exited through the
left sliding cockpit window and opened the left overwing exits from the outside. A passenger seated next
to the right aft overwing exit opened this exit as soon as the aircraft came to rest and exited, followed
by at least 22 other passengers. Two passengers from the first row exited through the cockpit window,
swam to the left side of the fuselage and opened the left overwing exits from the outside, and helped a
man and woman passenger egress. None of 5 life rafts aboard was deployed. The navigator found the emer-
gency escape slide from the galley service area floating in the water and inflated it. Many passengers
and the copilot congregated around this flotation device. Life rafts subsequently dropped were not located
or could not be returned to the passenger area due to rough seas with 1.8-2.4 m (6-8 ft) swells. Survi-
vors were rescued by helicopters. The aircraft sank in over 1,524 m (5,000 ft) of water.

This ditching resulted in a NTSB special study (12) which included in the detailed analysis the air-
craft and occupant impact dynamics, equipment failure, and post-ditching emergency egress problems. The
magnitude of the deceleration was estimated to be 8-12 G's applied over 0.5-1.0 seconds, with the aircraft
stopping in 15.2-24.4 m (50-80 ft). In this instance the pre-ditching briefing was incomplete and the
stewardess and at least five passengers were unrestrained at impact, at least seven restrained passengers
were thrown from their seats, and three double-seats failed, which contributed to the fatalities. It was
estimated that this aircraft floated for five to six minutes and most survivors were evacuated within two
to three minutes. Since this ditching experience is unique the conclusions and recommendations of the
NTSB are important in considering technology which might provide additional protection in future air car-
rier ditchings, and are as follows [NTSB, 1972, pp. 13-14 (12)]:

CONCLUSIONS: 1. The pre-takeoff briefing, which is required to acquaint passengers with the emer-
gency provisions of the aircraft, was inordinately short, a statement of facts rather than a briefing, and
it left the initiation of action to the passengers.

2. The pre-ditching briefing was incomplete in that the passengers were not informed about the vari-
ous emergency provisions on the aircraft. This was as a direct result of the failure of the cockpit crew
to inform the cabin crew adequately about the urgency of the situation.

3. The briefing outline regarding the 1ife vests was inadequate; despite two recent demonstrations,
the passengers were unfamiliar with the location, the storage method, and the packaging of the life vests,
and considerable difficulty was experienced in donning the life vests. This reduced the effective use of
the available time for passenger preparation.

4, The entire crew had received standard training; despite this fact, the cockpit crew exhibited in-
adeguate knowledge of the critical actions necessary in the preparation for a water landing, and did not
exert its command responsibility. The cabin crew exhibited less than efficient management in the cabin
preparation as a result of dissimilar training and experience.

5. Unfamiliarity of the entire crew with each other and the use of dissimilar safety procedures and
methods resulted in conflicting actions.

6. The aircraft went through the ditching seguence without significant structural compromise to the
occupiable areas. The forces generated were estimated to have been on the order of 8 to 12 G's applied
over a time period of 0.5 to 1.0 seconds.

7. Analysis of the dynamics of occupants indicates that the high proportion of fatalities in this
accident was due to disabling injuries which were caused by a combination of unrestrained passengers being
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thrown forward, by failures of seats, and by slippage of a number of seat belts.

8. Adequately stressed aft-facing seats probably would have greatly diminished the injuries sus-
tained in this accident by virtue of the increased body support offered through such an arrangement.

9. The forces generated during the water impact approached the 9 G design strength of the seats and
were a factor in their failure. Since impact tolerance of the human body, when restrained by a seat belt
only, has been established on the order of 15 to 20 G's, the failure of seats at the 9 G value exposes
occupants to serious and unnecessary injuries.

10. At least seven instances were reported wherein the seat belt failed to restrain its user. Slip-
page of the "fabric-to-metal" belt has been found in other accidents and this condition is indicated in
this accident. The demonstrated inadequacy of the locking device raises serious doubt as to its suitabili-
ty as a restraining device.

11. The contents of the galley were spilled during the deceleration of the aircraft, and blocked
ready access to the raft package as well as the emergency exit at that location. Spillage of drawers and
bins has been observed in many other accidents, indicating that the locking devices on these items are
unreliable.

12. Through analysis of the movements of the captain, it is estimated that the aircraft floated for
approximately 5 to 6 minutes after landing on the water and that most survivors had evacuated the aircraft
within 2 to 3 minutes.

13. The value of seating knowledgeable persons next to emergency exits was demonstrated when a pas-
senger, who made it a practice to prepare himself for any eventuality, promptly opened the aft overwing
emergency exit. This opening served as a focal point for other passengers and allowed at least 31 persons
to evacuate the cabin through this exit.

14. The navigator and the two male cabin crew members were unable to move the life raft package after
the aircraft came to a stop. Weight of the package is not considered a likely factor to explain this dif-
ficulty. The only other plausible explanation is that the galley structure shifted during impact and im-
pinged on the raft container, thus retaining it in its original position.

15. The navigator and the steward should have proceeded to the overwing exit area and directed pas-
senger evacuation after the aircraft came to a stop. Inadequacy of training is cited for their failure
to do so in that no evacuation drills were given as part of their training, and neither of them was in-
timately familiar with the survival equipment because wet ditching drills had not been a part of their
training curriculum,

16. Additional 1ives could possibly have been saved if crew leadership had been exhibited within the
aircraft to the degree such leadership was shown while the survivors were awaiting rescue.

17. The loss of all life rafts on board the aircraft probably affected the survival of several pas-
sengers. If the evacuation slide had not been deployed and used as a rallying point, additional lives
might have been lost because of dispersion of the survivors.

18. If a slide-raft combination had been installed in this aircraft, at least one raft might have
been available without the necessity of dealing with the cumbersome and time-consuming method of launching
and boarding the raft. The slide-raft combination offers a measure of automation which should facilitate
the tasks of the cabin attendants.

19. Life vests were found to be restrictive around the neck and gave the passengers a low level of
confidence regarding retention. In addition to the difficulties in donning the vests, the passengers had
considerable problems finding inflation and adjustment controls.

As noted by the NTSB [p. 13 (12)], "faulty judgement on the part of the cockpit crew, inadequate training
of the entire crew, and functional failure of the equipment" combined to influence the fatal outcome.

To date these cases appear to represent the state of experience in jet air transport ditchings, and
point out a number of problem areas which will require improvement for increasing the prospects of sur-
vivability in future ditchings.

3. PROTECTIVE DEVICES FOR PASSENGERS AND CABIN ATTENDANTS
EXPNSED TO SMOKE, FLAME, AND TOXIC FUMES

3.1 Background

The need for better protection of passengers and crew from the effects of toxic fumes and inhalation
of smoke or flame is evident from investigations of both civil and military jet transport accidents. Smoke
inhalation has been shown to be a significant factor in the incapacitation of passengers, resulting in
their inability to evacuate the aircraft prior to its destruction by fire.

It has been found that the collapse through smoke inhalation of only one passenger can have a direct
and very deleterious effect upon passenger evacuation flow, particularly when the affected individual is
located at a critical point, such as in the aisle, or blocking an overwing emergency exit. In the typical
jet transport accidents which have been investigated to date, decelerative forces are often found to be
relatively low and structural deformation impeding escape minimal. Injuries are generally minor and sus-
tained during escape rather than at impact, yet it is not unusual for those deaths and major injuries which
occur to be caused by smoke and fire. While there is a variation in the heat fluxes generated in post-
crash fires (e.q., .54-1.35 gm-cal/cm2/min [2-5 btu/ftZ/min]), a fuselage has burned through in as little
as 7 seconds [Peterson, 1970 (553)]. In tests by the Flight Safety Foundation the cabin temperature reached
948.8°C (1,740°F) in 40 seconds, and in ALPA tests conducted at Cleveland, a 1,093.3°C (2,000°F) cabin
temperature was recorded in less than 2 minutes. More recent studies are being conducted by NASA. While
the scope of this paper does not include a detailed analysis of materials flammability, toxic gas emission,
smoke emission, or flash fire hazards in post-crash fire, a brief description of major work and findings
in this area may be useful background. The major review of the state-of-the-art to date has been by
Simpson [1973 (563)].

3.1.1 Governmental Activities: FAA, NTSB, NASA, NBS, Congress. Civil air carriers are required by
Federal Air Requlation to demonstrate that all passengers (maximum passenger capacity) can be evacuated
within 90 seconds to the ground or ramp steps using only the exits on one side of the aircraft (FAR
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25.803 [c]) [1967 (505)]. Yet in actual emergencies even this short time span required for evacuation may
be insufficient. Military recommendations as a result of one C-135A accident included a recommendation
that the number of passengers should be limited to those able to evacuate in one minute from three exits.

In recognition of the problem of toxic gas and smoke emission from the pyrolysis (chemical decomposi-
tion of a substance by heat) of interior materials, the Federal Aviation Administration has proposed sev-
eral new standards relative to transport category airplanes. An Advance Notice of Proposed Rule Making
(ANPRM} was published 30 July, 1969 [Notice 69-30; 34 F.R. 12450 (507)], soliciting views on four questions
upon which a Notice of Proposed Rule Making (NPRM) would be issued. This resulted, six years later, in a
proposal to amend Parts 25 and 121 of the Federal Air Regulations as published in the Federal Register [F.R.
6506, 12 February, 1975 (510)]. It was based upon FAA findings at that time that aircraft interior mate-
rials were available which emitted appreciably less smoke than the currently used materials, and that test
methods could correctly and consistently measure the smoke emission characteristics of aircraft interior
materials [NBS, 1971 (543)]. What was not fully recognized at that time and has since been established is
that chemicals which suppress flame or smoke, when pyrolyzed, may emit toxic gases in lethal quantities.
More recent evidence indicates that smoke chamber results may not be consistent, and one of the current
basic problems is lack of an accepted, proven test protocol which is consistent

As a result of the Capitol International Airways DC-8-63F crash at Anchorage, Alaska, on 27 Novem-
ber, 1970 (402; 403; 544), the National Transportation Safety Board recommended that FAA cooperate with
NASA to develop and implement major improvements in the design of transport aircraft interiors including
“the flammability of cabin interior materials" (NTSB, 1971, Status of Board Safety Recommendations). On
16 August, 1973 NTSB staff met with FAA relative to planned ANPRM on cabin materials toxicity and on re-
vised standards for materials flammability testing. In an ANPRM published in the Federal Register [39
F.R. 45044, 30 Dec., 1974 (509)], the FAA solicited comments related to compartment interior materials
toxic gas emission; however, no immediate standards may be expected to result from an ANPRM. Subsequently
in February, 1975 the FAA issued an NPRM [40 F.R. 6506 (510)] related to smoke emission from compartment
interior materials. On 13 March, the FAA issued the first ANPRM soliciting comments relative to flammabil-
ity standards for flight attendant clothing [40 F.R. 11737 (511)]. Such a need has been cited as a result
of many accidents [Peterson, 1970 (553)].

Relative to materials flammability the approach after World War II was to 1imit the flammability of
cabin materials as a primary means of reducing the effects of post-crash fire. This resulted in standards
established in 1947 limiting the horizontal burn rate of materials. In 1962 tests conducted by the FAA
at National Aviation Facilities Experimental Center (NAFEC) indicated that many materials in operational
use could pass this standard but still could cause fatal fires [Marcy et al., 1964 (531)], due to break-
down of test protocol between laboratory and full-scale tests. These standards were subsequently stiffened
in 1967 for certain cabin materials and they were required to demonstrate self-extinguishing characteris-
tics after the flame was removed. In 1972 these standards were expanded to all cabin materials and apply
to all U.S. certified air transports certified before 1967 to be retrofitted to current standards [Simpson,
1973 (563)]. NASA has research programs related to the development of more fire resistant cabin interior
and cabin insulation materials [Kourtides & Parker, 1972 (526)], which should result in further state-of-
the-art standards relative to air transport aircraft in the future. The advanced space research activity
of NASA has produced materials, test techniques, and data which must be considered by federal regulatory
agencies.

Smoke emission tests from burning materials at NAFEC showed a problem for emergency egress [Marcy,
1965 (532)]. But with the adoption of flammability standards it was found that the flame retardant addi-
tives used increased smoke emissions [Aerospace Industries Association, CDP-2, 1968 (488)]. Subsequently
the National Bureau of Standards and FAA jointly studied smoke and gas emission from 141 aircraft interior
materials. This work developed the NBS Smoke Chamber, proposed as a compliance test apparatus in NPRM on
smoke emission from compartment interior materials as of 12 February, 1975 [FAA (510)]. Since the NBS
apparatus deals with small smoke samples, FAA contracted with Lockheed Aircraft Corporation to correlate
the NBS Smoke Chamber data with full scale fire tests in a Lockheed L-1011 wide body jet transport fuse-
lage section [Lopez, 1973 (529)]. NASA has investigated new classes of polymers which are non-flammable
and produce little or no smoke or toxic gas when exposed to fire [Simpson, 1973 (563)].

The FAA's proposed program approach to cabin interior flammability, and smoke and toxic gas emission
involves three elements. The FAA general airworthiness review program, initiated in December, 1974, in-
cludes raising cabin flammability standards for older aircraft (as one of more than 600 changes being con-
sidered). As detailed in Part 8 of a NPRM published 20 June, 1975, all jet transports would be required
to have cabin interiors that meet 1972 flammability standards within three years after the regulation is
adopted. The current flammability standards for older jet transports were issued in 1967 and required
compliance only when the aircraft was next overhauled or had its cabin interior refurbished. In 1972 new
flammability standards were adopted for new type certified aircraft, such as the Boeing, McDonnell Douglas,
and Lockheed wide body jets. The main difference between the 1967 and 1972 standards were the more rigor-
ous requirements for seat cushion, upholstery, and carpet materials. The latter NPRM was issued in time
for materials meeting the new standards to be used in the Boeing 737 and for McDonnell Douglas to meet
some, but not all, of the 1972 standards in its DC-9 aircraft [Klass, 1975 (525)].

The 12 February, 1974 NPRM for industry and user comments proposes a new standard for smoke emission
of cabin interior materials, requiring retrofit of interiors to meet the new specifications during the
first major overhaul or refurbishment that occurred after five years from the effective date of the amend-
ment of Parts 25 and 121 of the FAR's. There would be a five-year period of grace if the standard is
adopted as proposed, but any major overhaul or cabin interior change after this period would require the
use of low smoke emission materials.

In the ANPRM published 30 December, 1974, comments were requested for possible standards for toxic
gas emission from cabin interior materials. Due to the limited knowledge of the relative toxicity of dif-
ferent materials and how to measure and specify acceptable levels, it has been estimated "that the FAA
will not be in a position to propose a specific set of standards for at least a couple of years. Any re-
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quirement for retrofit would necessarily be at least several years in the future, delaying it until at
Teast the early 1980's" [Klass, 1975 (525)]. In the Aerospace Industries Association response to the FAA,
a number of cabin interior materials and items were cited for which there are no substitute materials or
construction available which can still perform the intended functions. Their list included acoustic ceil-
ing panels, material for window reveals, Tedlar acoustic sandwich panels for partitions and bulkheads,
urethane, vinyl and natural rubber seat cushions, as well as cabin windows and cockpit side windows. Many
items currently meeting the FAA flammability standard would not meet a toxicity standard. From a group of
some 140 different cabin interior materials, the FAA has narrowed the number down to about 75 for toxicity
tests to be conducted during 1976-1977.

An investigation in early 1974 by the Special Subcommittee on Investigations, House Interstate and
Foreign Commerce Committee centered on concern for air carrier passenger safety. One area of interest
included the smoke hood as a device to protect passengers and crew from the effects of toxic fumes, smoke,
and flame. However, it was decided not to hold hearings but rather to take direct action with the FAA to
determine why such devices have not been adopted for use in commercial air carriers (512). Further Con-
gressional interest in air safety has been shown in more recent hearings [February, 1976 (572)].

3.1.2 Boeing Smoke Tests. Smoke evacuation tests were conducted by Boeing in March and April, 1963,
to certify the Boeing Commercial Transport Model 707-321C. Tests were conducted by Pan American personnel
using two 707 aircraft. Early tests were made to evaluate smoke evacuation and smoke penetration charac-
teristics of a 8oeing 707-321C convertible model and those of a 707-321C "stripped freighter." These
tests were primarily related to in-flight smoke air flow characteristics and, as a result of the crash of
a Pan American World Airways 8oeing 707 (a non-passenger cargo flight) landing at Boston's Logan Airport
on 3 November, 1973 [NTS8, 1974 (546)], further tests were made by 8oeing in March, 1974. B8oth of these
series of flight tests are described in some detail in the 10 March, 1975 issue of Aviation Week and Space
Technology (540). In the Logan crash the presence in the cockpit of dense smoke, which was continuously
generated and uncontrollable, was determined by the NTSB to be the probable cause of the accident. Vision
was also impaired. Although the source of the smoke could not be established conclusively, the NTS8 (546)
believed that the spontaneous chemical reaction between leaking nitric acid, improperly packaged and stored,
and the improper sawdust packing surrounding the acid's package initiated the accident sequence. One by-
product may have been nitrogen dioxide (NOZ?, formed when colorless nitric oxide (NO) reacts with oxygen
in the absence of ultraviolet Tight. Orange nitrogen dioxide in sunlight has a half-life of less than 30
seconds. Immediate effects of inhaling colored nitrogen dioxide are mild irritation, headache, and weak-
ness [Maxey, 1975 (540)]. Cases such as this indicate a need for adequate crew smoke masks as well as
those for the passenger.

3.1.3 Fire Tests and Flash Fire Effects. Experimental fire tests of instrumented aircraft outfit-
ted with then-representative interior materials were conducted by the Airline Pilots Association (ALPA)
and indicate that smoke density approaches saturation in two to two and one-half minutes [Heine, 1966
(522)]. Detrimental effects to both vision and respiration would occur much sooner. In these experiments
temperature rise approaching intolerable levels (248.5°C [480°F]) occurred at the fifth and sixth minutes,
followed characteristically by a flash fire with temperatures rising in excess of 871°C (1,600°F) in one
or two minutes. Smoke density and temperature measurements in other tests indicate stratification and
localization, with flash fires reported to travel through the fuselage at a rate of 20.7 m/min (68 ft/min)
[Marcy, 1965 (532)].

In order that evacuation may be accomplished before the cabin or flight deck areas become uninhabit-
able due to elevated temperatures, the protection of the human respiratory system is of critical importance.
The occupant must remain mobile and in a conscious state post-crash in order to effectively evacuate.
Clinical investigations have shown that shock may not be an important factor, accounting for a low (20%)
fatality in burn cases [Phillips, 1960 (554)], while respiratory tract trauma, with or without superimposed
respiratory tract infection, may account for nearly 50%. VYet where facial burns are incurred, more than
three-fourths of the victims may develop respiratory difficulties due to inhalation of flame. It has been
reported that if the lower respiratory tract, consisting of the trachea, main bronchi, and secondary bron-
chi, is burned, a fatality is usually inevitable [Connell, 1960 (498)].

In cabin fires injuries to the skin and respiratory system are the primary concern. Occupants ex-
posed to heat have widely varied tolerances. Survival is dependent upon one's tolerance to pain and the
thermal level at which his exposed skin will suffer second degree burning. Normal individuals experience
pain when human skin is heated to 45°C (113°F). At 40°C (120°F) the rate of cellular destruction is more
rapid than cellular repair [USAF, 1974 (298)]. Inhalation of hot gases produced by a crash fire creates
the possibility of respiratory system injuries, but information concerning human tolerances is very limit-
ed. The highest known ambient temperature to which a human respiratory system has been exposed without
damage is 198.8°C (390°F) [USAF, AFSC DHI-6 39.4, 1974 (298)].

Flash fires occur when the combined mixture of smoke, gases and oxygen in the burning cabin environ-
ment reaches a temperature at which ignition occurs, and all of the oxygen in the cabin is consumed, pre-
cluding survival. Temperatures may reach in excess of 815.5°C (1,500°F) in less than a second and ignite
the entire cabin. Although no new NASA studies related to investigation of this phenomenon have been re-
ported at this date, the National Bureau of Standards and NAFEC are continuing research on flash fires.
}his)ﬁontinues work reported in 1973 concerning burning polyurethane foam cushions [Paabo et al., 1973

549)].

3.1.4 Flight Deck Crew Smoke Mask Protection. The FAA in recent tests conducted at the Civil Aero-
medical Institute, has evaluated 13/ devices intended to provide flight deck/crew smoke protection [1975
(535)]. These included 124 devices previously approved by the FAA on a basis of static fit, as well as
13 experimental prototypes provided by the manufacturers. Of these, 14 mask/goggle combinations, 6 full
face masks, and 2 hood devices passed the test criteria. The criteria established involved: (1) no more
than 5% contaminant leakage into the respiratory portion of the device, and (2) no more than 10% contami-
nant leakage into the visual portion of the device. If the mask happened to be designed so that the
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respiratory and visual portions were combined, as in full face masks or hoods, the 5% contaminant criteria
applied. A1l of the equipment which passed this test was designed for and tested with "safety" or "emer-
gency pressure." Since adequate performance wearing corrective glasses is a requirement of the applicable
FAR, all subjects in these tests wore standardized corrective glasses.

The results of these tests indicated that the most significant problem was the effect on leakage,
fit, and displacement of the equipment induced by glasses. On the other hand, the respiratory protection
of oral-nasal masks was generally good. It was found that in many of those devices which passed this test
the "safety" pressure required to compensate for large leakage areas induced such a leakage and waste of
oxygen that the aircraft crew supply would be depleted in a very short time. It was concluded that eye
protection remained a principal problem. Since few of those flight deck/crew smoke protection devices
presently approved by the FAA were found to offer protection at the levels established in the tests, re-
sults and proposed regulatory changes were discussed in a meeting between FAA, equipment and airframe manu-
facturers, air carriers, and pilot groups, which was held at the FAA Aeronautical Center, Oklahoma City,
11-12 December, 1975. Since the emphasis in this chapter is upon passenger and cabin attendant protection,
rather than crew/flight deck protection, it should be noted that some quite different objectives and cri-
teria are involved, and crew smoke masks utilizing the aircraft oxygen system should not be confused with
passenger and cabin attendant smoke protective devices intended for emergency egress.

3.1.5 Toxic Gases. The National Bureau of Standards tests for FAA in 1968 [Higgins et al., 1971
(524)] and the Aerospace Industries Association full scale tests in 1968 (488, 489) measured toxic gas
concentrations, although emphasis was on fire control and suppression techniques. More recently, attempts
to reduce the toxic gas emissions of burning cabin interior materials by tests of improved materials has
been underway by FAA at NAFEC, and at Ames Research Center at Mountain View and Johnson Space Center at
Houston. This work is reported to be successful in regard to flammability, but incomplete in terms of
smoke, toxicity, and practical use considerations [Simpson, 1973 (563)]. Simpson also reports work under-
way by the Society of the Plastics Industry to study plastic material toxic gas emission, under funding
to the National Bureau of Standards and the Southwest Research Institute to conduct tests in coordination
with the FAA's work at NAFEC.

A concise review of the physiological and toxicological aspects of smoke during fire exposure was
conducted by the University of Utah for NAFEC [Einhorn, 1973 (501, 502)] and should be consulted for more
detailed evaluation and critique of laboratory test procedures and human tolerances. In a subsequent
study, rigid- and flexible-urethane foams were evaluated at the University of Utah's Flammability Research
Center for flammability characteristics and thermal degradation of urethane cellular plastics used in air
transport cabin interiors [Einhorn et al., 1973 (501, 502)].

3.1.5.1 Air Carrier Accident Findings. In the AIA study of 1968 (488), industry, CAB, and
FAA accident files were searched for detailed information on air carrier jet accidents prior to 1967. Of
170 accidents, fires were known to have occurred in 74 and there were significant fuel spills in 50. Six
were interior fires. In 48 accldents the aircraft fuselage was ruptured, with fuel spillage occurring in
34 of these. In the total of 170 accidents (world-wide) applicable to the AIA study, it was concluded
that 35 accidents with 1,881 fatalities were unsurvivable, 16 accidents with 539 fatalities were impact-
survivable with fatalities, and 119 involved accidents or incidents having no fatalities.

However, toxic gas emission from burning cabin materials has only recently had serious attention as
a result of findings in several major accidents occurring within the past decade. Accidents which have
been of particular note in this regard include:

(1) Before noon on 11 July, 1961, a United Airlines McDonnell Douglas DC-8 crashed during a landing
at Stapleton Field, Denver, Colorado. Soon after the aircraft stopped two major fires broke out; however,
g8 passengers escaped prior to cabin fire. There were 17 fatalities with no signs of impact trauma. Smoke,
from the chimney effect when the aft galley door was opened, was the major egress hazard, and 17 passengers
were fatally overcome. Blood carboxyhemoglobin concentrations were determined from heart blood samples of
all victims and ranged between 30 and 85% [Hasbrook et al., 1962 (397); Snow et al., 1971 (424)].

(2} After dark on 11 November, 1965, a United Airlines Boeing 727 crashed during a landing at Salt
Lake City Municipal Airport. The rate of descent on final approach was 914.4 m/min (3,000 ft/min), touch-
down was at 228 km/h (141.6 mph), and as the gears sheared, the aircraft skidded for 853 m (2,800 ft)in
about 27 seconds, with a mean deceleration of 0.25 G, and came to rest engulfed in flame to an area forward
of the wing. Of 85 passengers aboard the aircraft there were 41 fatalities, and of the 44 survivors only
11 were uninjured. Carboxyhemoglobin determinations from heart blood samples of 35 victims ranged from
13 to 82% with a mean value of 36.9% (10% is ordinarily considered the top limits of normal). Blood etha-
nol determinations from 35 victims resulted in 17 displaying positive values between 0.1 and 1.0 mg/ml,
although one, at 1.5 mg/ml, fell in the range of intoxication where judgement may be considered impaired.
These values could be associated with post-mortem changes, and were not considered a significant factor
in emﬁrgency egress. Fatalities were attributed to smoke inhalation and cabin fire [Snow et al., 1971
(424)].

(3) On the afternoon of 23 November, 1964 a Trans World Airlines Boeing 707-331 with a crew of 11
and 62 passengers aboard, crashed in an attempted aborted takeoff at Fiumicino Airport, Rome, Italy. While
still traveling at an estimated velocity of 64 km/h (40 mph) it struck a steam roller, continuing some
243.8 m (800 ft) in the next 22 seconds. Twenty seconds after stopping, a center fuselage tank exploded
and fire rapidly spread. The fire equipment arrived 3 minutes, 45 seconds after the accident (Fig. 22).
This accident was fatal to 45 passengers (72.5%). Of the 17 survivors, 10 received minor injuries and 7
were hospitalized. Carboxyhemoglobin (COHgb) elevations of the 24 fatalities found in the cabin were from
13.8% to 49.0%, although two were only 3.0% and 10.4%. 1In general, death was attributed to thermal burns
or asphyxia, whether the victims were found inside the cabin or were among the 17 whose bodies were found
outside the cabin. In those outside the cabin, COHgb values were generally below 10%, but were as high
as 35.8%. Four victims died later, primarily of thermal burns [Snow et al., 1971 (424)].
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Fig. 22. Fire and heavy smoke resulted in 45 fatalities of 62 passengers in this Trans World Airlines
Boeing 707-331 accident at Fiumicino Airport, Rome, 23 November, 1964 (Photo courtesy FAA).

(4) On 27 November, 1970 (1705 AST) following an unsuccessful takeoff attempt, a Capitol Interna-
tional Airways, Inc., McDonnell Douglas DC-8-63F crashed and burned. The flight was being operated as a
Military Airlift Command (MAC) contract flight and there were 219 passengers and a crew of 10 aboard. 46
passengers and 1 flight attendant were fatally injured as a result of the post-crash fire [Leroy, 1971
(402, 403); NTSB (209)].

(5) An Allegheny Airlines Allison Prop Jet Convair 340/440 crashed into cottages while making an
instrument approach to the Tweed-New Haven Airport, Connecticut at 0949 EDT on 7 June, 1971. The aircraft
was destroyed and 28 passengers and two crew members were fatally injured; only two passengers and the
1st officer survived. Autopsy and toxicological examination of 26 of the fatalities indicated that all
had died of chemical asphyxiation and/or thermal injury [NTSB, 1972 (216)].

(6) At 1428 CST on 8 December, 1972, a United Airlines Boeing 737-222 crashed and burned in a resi-
dential area about 2.4 km (1.5 mi) short of the runway while on instrument approach to Chicago-Midway Air-
port. Of 55 passengers and 6 crew members aboard, 40 passengers and 3 crew members were killed, and 2
persons on the ground also received fatal injuries. Since there were allegations of foul play related to
this accident, the trauma of non-survivors was closely examined. Elevated hydrogen cyanide levels were
found in the captain and six coach passenger fatalities [NTSB, 1973 (247)].

(7) On 20 December, 1972 at 1800 CST a North Central Airlines McDonnell Douglas DC-9-31 and a Delta
Air Lines Convair 880 collided at an intersection at the 0'Hare International Airport, Chicago. The DC-9
was taking off and the CV-880 was taxiing at the time of the collision. The DC-9, with 41 passengers and
a crew of 4, was destroyed by impact and fire. Nine of the 10 fatally injured passengers failed to escape
from the aircraft, and smoke was reported to have been dense within the cabin [NTSB, 1973 (545)].

(8) On 3 November, 1973 a Pan American World Airways Boeing 707-321C crashed on final approach to
Logan International Airport, Boston, Massachusetts. The crew of three reported excessive smoke in the
cockpit which reached such severity that the aircraft could not be controlled. The in-flight smoke was
caused by improper packaging of hazardous nitric acid cargo, and caused the subsequent non-survivable
crash [NTSB, 1974 (546)].

(9) A Varig Boeing 707 approaching Paris on 11 July, 1973 also incurred an in-flight fire, possibly
originating in a lavatory, and forced an emergency crash landing near Paris. A reported 120 deaths re-
sulted from in-flight toxic gas inhalation; the only occupants surviving were the flight deck crew who had
masks.

The majority of the 356 fatalities in these nine air carrier accidents have been attributed to the
toxic effects of smoke and fumes or the thermal effects of fire. In the three crashes (1)-(3) cited above,
105 of 261 passengers aboard died in attempts to escape during the one to three minutes prior to the build-
up of a lethal thermo-toxic environment within the cabin. Fig. 23 shows the dense smoke and flames typi-
cal of post-crash fires. This crash of a Boeing 727 at St. Thomas, Virgin Islands [NTSB, 1971 (203)] in-
volved 46 passengers, 2 infants, and a crew of 7, with 2 fatalities. If passengers in this type of acci-
dent can be protected from the immobilizing and incapacitating effects of inhalation of smoke, toxic gases,
and flame for only one to two minutes of additional evacuation time prior to the build-up of intolerable
temperatures within the cabin, it seems that a significant increase in passenger survival can be attained.
In some situations, however, additional evacuation time may be required.
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Fig. 23. Oense smoke and fire following crash of Boeing 727 at St. Thomas, Virgin
IsTands 28 December, 1970 (203) (Photo courtesy NTSB).

3.1.5.2 Carbon Monoxide and Hydrogen Cyanide. The accidents noted above were investigated
for carbon monoxide and/or hydrogen cyanide in victim blood Tevels. Results of these studies are shown in
Table XI.

TABLE XI.
CARBON MONOXIOE ANO CYANIOE FINOINGS IN AIR TRANSPORT ACCIOENTS

A. CARBON MONOXIOE IN AIR TRANSPORT ACCIDENTS

Passengers Carbon Monoxide
Total Fatal Tested For (as Blood
Accident Passengers  Passengers Carbon Monoxide  Carboxyhemoglobin)
Oenver DC-8 114 17 17 30-85% range
(mean = 62%)
Rome 707 62 45 24 3-49% range
(mean = 23%)
Salt Lake City 727 85 43 35 13-82% range
(mean = 37%)
105 76

B. CARBON MONOXIDE AND CYANIOE IN AIR TRANSPORT ACCIDENTS

Carbon Monoxide
(as Blood Carboxyhemoglobin)

Accident in Fatal Victims Cyanide in Blood Sample
Anchorage DC-8 19 positive 18 positive
(5-69% range) (0.01 ug/ml to 2.26 ug/ml
range)
New Haven 580 23 positive 23 positive
(9-49% range) (0.007 ug/ml to 3.38 ug/ml
range)
Chicago 737 Pilot 40% Pilot 3.9 pg/mi
Chicago 0C-9 9 positive g positive
(26-64% range) (1.10 ug/ml to 2.65 ng/ml
range)

Source: Mohler, 1975 (542)
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Although many toxic gas products are generated during a crash fire, carbon monoxide {CQ) may be the
most significant because small percentages of CO can produce serious consequences. The effects of various
concentrations of CO are illustrated in Tables XII and XIII.

TABLE XII. TABLE XIII.
EFFECTS OF VARIOUS CONCENTRATIONS OF PHYSIOLOGICAL EFFECTS OF VARIOUS CARBON
CARBON MONOXIDE IN AIR AT SEA LEVEL MONOXIDE HEMOGLOBIN PERCENTAGES
% of'CO Carboxyhemoglobin
in Air Effects Percentage Symptoms
1.28 Immediate effect, unconsciousness 100
and danger of death in 1-3 min
0.64  Headache and dizziness in 1-2 min; 90 [ —— Immediate death
unconsciousness and danger of 80
death in 10-15 min Unconsciousness,
S . ; i failure
0.32 Headache and dizziness in 5-10 min; 70 { — ik ik .
unconsciousness and danger of ; Gearh 4 long ‘exposure
death in 30 min 60
0.16 Headache, dizziness and nausea in Headache, disorientation,
20 min; collapse, unconsciousness, 50 } — collapse, fainting
possibly death in 2 hr
0.08 Headache, dizziness and nausea in 40 ?r:qounceq h?:dg???i
3/4 hr; collapse possibly un- } _ad1gue£ e ; 1y,
consciousness in 2 hr 30 QHICIMETS, “HIRie
0.04 Frontal headache and nausea after } §h°?t"essd°f greath "
1-2 hr; occipital after 2-1/2 to 2 Ur ing mudghane: Cxel-etons
3-1/2 hr 0 minor headache
. . 5 No major effect except
0.02 Possible mild frontal headache in } ~—— ShortTess 6F Greath OR
2-3 hr 10 ; P
} extreme physical activity
\
Source: HIAD, USAF, AFSC DHI-6 DN 395, 0 Kol gece

p. 4, 20 July, 1974 (298)
Source: HIAD, USAF, AFSC DHI-6 DN 395,
p. 4, 20 July, 1974 (298)

A rapid estimation of carboxyhemoglobin from expired breath after carbon monoxide exposure has been
developed by Stewart et al. [1976 (566)], utilizing a portable electrochemical cell.

Mohler [1975 (542)] has discussed the causation of the production of toxic products from cabin fires
and provided some alternative solutions. Carbon monoxide levels have been shown to rapidly exceed physi-
ological tolerances in post-crash fire tests [Einhorn, 1972 (501, 502); Gross et al., 1968 (518); Heine
and Brenneman, 1966 (522); AIA, 1968 (488)]. 1In full scale tests cabin carbon monoxide levels of 10,000
parts per million were reached in 90 seconds, and in another test 26,000 ppm in 180 seconds. Mohler notes
this is above the fatal level for a 2.5 minute exposure but that incapacitation may occur at lower levels.

Hydrogen cyanide and carbon monoxide result from the thermal decomposition of most organic materials
such as wood, cotton, paper and plastics, or human hair. In addition, many specific cabin interior fix-
tures and materials, including polyurethane used in seat cushions, carpet pads and hat racks; acrylonitrile-
butadiene-styrene used in passenger service unit window structures; modacrylics used in dust panes; and
wool used in seat upholstery. Similar materials may be carried into the cabin by passengers. In the tests
referenced above cyanide (hydrogen cyanide) exceeded 4,000 ppm in 90 seconds, above a fatal level for this
time exposure. Mohler [1975 (542)] points out that incapacitation may occur "perhaps at half the fatal
concentration.” Thus while coma and death begin to occur at the 60-70% blood level range, 30% blood car-
boxyhemoglobin produces severe headache, weakness, dizziness, dimness of vision, nausea, vomiting, and
collapse. Similarly, while cyanide causes death at about the 5 ug/ml blood level, incapacitation can
occur at half that. Combined, lethal effects could be expected with a blood carbon monoxide of 20% plus
a blood cyanide of approximately 2 ug/ml. Of all the plastic polymers, polyvinyl chloride has been im-
plicated primarily in causing the most serious problem among fire fighters because it releases hydrogen
chloride gas when burning. Dyer and Esch [1976 (500)] have reported on 175 fire fighters who experienced
symptoms from its toxicity from 1970 to 1975.

Higgins et al. [1971 (524)] in tests of the combined inhalation toxicity of carbon monoxide, hydro-
gen cyanide, and other toxic gases have found that these toxic substances, when inhaled in combination,
can be more lethal than when inhaled separately. Mohler [1975 (542)] has suggested the use of new materi-
als for possible retrofitting of existing aircraft and use in future aircraft; however, more recent NASA
studies have suggested that even materials such as Nomex, Tedlar, or fiberglass are not as satisfactory as
first thought. (Tedlar is the duPont trade name for polyvinyl fluoride decorative panel surface and Tef-
lon is the duPont trade name for fluorocarbon polymer. Kynar is the Raychem Corporation's trade name for
polyvinylidene fluoride plastic material, and Nomex is the duPont trade name for its high-temperature-
resistant nylon, formed in fabric or paper.) Current NASA investigations indicate that a polyimide foam
may be acceptable as a substitute cushion.

Both the Environmental Protection Agency {EPA) and the Occupational Safety and Health Administration
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(OSHA) have set air pollution and exposure limits to vinyl chloride (VC), a colorless gas derived from
chlorine and petrochemicals, which is the major ingredient in polyvinyl chloride (PVC), used in some in-
terior materials [Time, 1974 (567)]. While these long-term standards relate primarily to workers in the
manufacturing process, they indicate the mounting concern and emphasis for short-term exposure in future
aircraft for non-toxic and non-flammable materials. Unfortunately, while there is much known about long-
term exposure toxicity data, little is understood by toxicologists about acute short-term exposure typi-
fied by an aircraft crash fire.

In 1973 the Committee of the French Aerial Transport (CFAT), VTA, Air France, and Air Inter formed
a commission to study the problem of on-board fires. This included a group to study materials, an inquiry
group, and a medical group. Dr. Fourn, Medicine Chief of VTA in Paris presented the toxicological findings
resulting from the medical portion of this study at the XXII International Meeting on Aviation and Space
Medicine in Beirut in October, 1974 [Fourn, 1974 (517)]. Six materials from cabin interiors of the Mc-
Donnell Douglas DC-9 and DC-10 were found to yield combustion products of carbon monoxide, as well as some
hydrochloric acid. In addition, certain cyanhydric {hydrocyanic) acids were detected. Papago Harmonic
and Polyplastex produced sulfuric acid; Papago Harmonic, Moquette RK, Mousse Tramico, and the Taraflex RK
produced some nitrogen oxides.

Plastic interior materials from the Boeing 707, when burned, were found to emit carbon monoxide,
carbon dioxide, hydrochloric acid, hydrofluoric acid (Fluorhydrigue), hydrogen fluoride, and hydrogen
sulfide. Since each airline specifies its own particular interiors, however, there may be some difference
between them.

In addition to the above aircraft, tests were also performed on the combustible products of six
plastic materials from the Caravelle aircraft. Results of combustion showed that carbon monoxide, carbon
dioxide, and hydrocarbons were common to all. Specific to certain materials were hydrochloric acid (with
Royalite EABS],Makro]on, Panneau sandwich, and traces with Nomex), hydrogen fluoride (with wool and Royal-
ite [ABS]), sulfuric acid and hydrocyanic acid (with wool and linings). In reference to the Varig 1973
accident near Paris, Fourn stated that 108 passengers had died of carbon monoxide inhalation, and 12 others,
after histological studies, were found to have died of suffocation resulting from the reflex inhibition of
respiration under the action of the chlorinated by-products and fluorides affecting the mucous membranes
of the nose and pharynx.

3.1.6 Military Studies. Military as well as civil air transport accidents have indicated the major
influence of nost-crash fire on survival. A review of survivable USAF passenger-carrying aircraft acci-
dents resulted in the conclusion that fire was a prime factor in limiting the successful egress of the
passengers [Reagin et al., 1969 {13)]. Studies by Sawyer [1967 (16)] of 196 cargo/transport accidents in-
volving 1,899 occupants occurring from 1962 to June, 1967 indicate the overall incidence of fire was 35%.
0f these, 69 USAF cargo/transport accidents involved fire during this period, and 16 resulted in major or
fatal fire injuries. 74% (or 139) of the 189 fatalities were attributed to fire, resulting in the obser-
vation that "the risk for aircrew was 34%, whereas 93% of all passenger fatalities were due to fire"
[Sawyer, 1967 {16)]. Reviewing 40 selected USAF passenger-carrying accidents from 1964 through 1968,
Brown (1969) found that many fatalities occurred even though the crash itself was survivable. This was
confirmed by recent review by the author of 30 Boeing C-135 accidents occurring from 1964 to date, and
14 Lockheed C-141 accidents from 1968 to date. In one case involving a C-135 accident, a small on-board
auxiliary power unit caught fire upon impact, and 11 passengers died from smoke {asphyxiation secondary to
hypoxia and inhalation of smoke) when they failed to evacuate in time. In this accident 30 passengers
were uninjured. One recommendation resulting from the investigation was "that commercially available safe-
ty hoods be obtained and tests conducted" [Solt, 1969 (565)].

A 1970 USAF study of emergency escape and survival from transport aircraft concluded that "a simple
lightweight bag-shaped smoke hood...would lengthen the survival time by providing three to four minutes
of clean air to breathe inside the hood. In addition, the hood would provide adequate visibility enabling
the passenger to see escape hatches and allow mobility to complete the evacuation of the aircraft. By
providing additional survival time and visibility, the evacuation and survival would be enhanced. Indi-
vidua} s?ﬁke hoods can be made available by attaching a hood to each seat in the aircraft" [Reagin et al.,
1969 (13

3.2 Protective Devices

3.2.1 Background. Research and development of passenger smoke hoods have continued sporadically
during the past ten years as a result of the initial work of E.B. McFadden at the FAA Civil Aeromedical
Institute which started in the fall of 1965. A number of smoke mask devices have been proposed or tested,
and 16 versions of these are considered in this section. However, emphasis is on the Schjeldahl (now
"Sheldah1") smoke hood since this has had the most extensive testing and is a currently available protec-
tive device. As a result of investigation of the Salt Lake City Boeing 727 crash evacuation on 11 Novem-
ber, 1965, McFadden constructed several working models of polyethylene (non-flame resistant) hoods to
test feasibility of the concept. Learning that duPont Chemical Company had a polyimide flame-resistant
and transparent plastic film, he contacted the Schjeldahl Company in December, 1965 to fabricate five
polyimide hoods. However, in these experimental hoods the adhesive was of insufficient strength. By May,
1966, the defective adhesive hoods were replaced by five more using a Schjeldahl proprietary adhesive, and
?ere)gol1owed in September, 1966 by Schjeldahl-fabricated hoods with metallic coatings [Reynolds, 1966

557)1.

The results of the initial study [McFadden et al., 1967 (538)] and subsequent comprehensive multi-
disciplinary investigations [McFadden et al., 1968 (537); McFadden and Smith, 1970 (539); McFadden, 1970
(534); McFadden and Gibbons, 1970 {536); Lewis, 1970 {528); Tobias, 1970 (568); and Smith, 1970 (564)]
represent the most exhaustive studies published to date of this protective device. Two versions of the
Schjeldahl smoke hoods were used in the FAA/CAMI tests but the subsequent NPRM in 1969 was primarily based
upon results of investigations with the earlier version. Several other research studies have also evaluated
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smoke hood protective devices. In 1967-68 the Aerospace Industries Association {AIA) evaluated a number
of prototype devices, which were subjectively tested (488). In October, 1969 the Aeroport de Paris carried
out two tests by three volunteers of an early Schjeldahl Type D (drawstring) smoke hood furnished by the
FAA [Mouton and Armand, 1969 (583)]. Subjective evaluation was also made by consultants to the Air Trans-
port Association of America (ATAA) (560), and in 1970 by three members of the Space Science Board, National
Academy of Science/National Research Council upon request of the FAA. The background and results of these
investigations are provided in some detail in the following subsections.

In January, 1969, a Notice of Proposed Rule Making was published in the Federal Register which would
amend Part 121 of the Federal Air Regulations to require that protective smoke hoods be carried on all
civil air carriers. Citing results of earlier studies, the "FAA concludes that, if protective smoke hoods
were provided in large transport airplanes, the probability of occupant survival in airplane crashes would
be significantly increased; that the economic burden of fitting airplanes with such hoods is reasonable in
relation to expected benefits; and that prototype hoods have been tested and evaluated to a sufficient ex-
tent to justify a requirement {with a reasonable implementation period) at the present time" [F.R. 34, p.
466, 1969 (507)].

The FAA received 23 comments as a result of this NPRM. Of the major aviation associations which
commented, the Airline Pilots Association supported the proposal; however, the Air Transport Association,
Aerospace Industries Association, Airline Stewards and Stewardesses Association and the Airline Dispatchers
Association were strongly opposed. The Flight Safety Foundation opposed the rule on the basis of a medi-
cal evaluation submitted by consultants of the Air Transport Association of America, a supporter of the
FSF. The National Transportation Safety Board concurred in the FAA intent, but expressed concern over a
possible increase in evacuation time and limitation of available oxygen with use. The major comments in-
volved questions of hood safety, practicality, concern over whether it would slow down evacuation time,
and whether the specifications listed were justifiable. As a result of analysis of the comments received
related to this proposed rule, the FAA withdrew Notice 69-2 in September, 1969, despite the strong objec-
tions of the FAA Office of Aviation Medicine. In view of the difference of opinion expressed between the
medical and regulatory arms of the Federal Aviation Administration concerning the value of the smoke hood
concept in post-crash emergency evacuation, the basis for rejection of the 1969 FAA proposed smoke hood
requirement for civil air carrier aircraft should be reexamined both in relation to air transport aircraft
requirements, and with consideration for subsequent advances in the state-of-the-art. In this regard, the
results of the reports and studies bearing upon the questions posed seem particularly pertinent and are
summarized in the following sections.

3.2.2 FAA Civil Aeromedical Institute Tests. Initial development and testing of the smoke
hood were conducted at the FAA Civil Aeromedical Institute (CAMI) laboratories at Oklahoma City under the
direction of E.B. McFadden in 1966, and the following summarizes this work [McFadden et al., 1967 (538)].
Experimental transparent hoods were fabricated under contract by the G.T. Schjeldahl Company. Primary
design criteria involved:

Design and operation simplicity.
(2) Smoke inhalation protection for a limited (2-1/2 - 8 min) duration.
(3) Omnidirectional visibility and donning.
(4) Lightweight and compact in size.
(5) Device should not melt or burst into flame when worn on the head or face.

Secondary design considerations were determined to be:
(6) To prevent inhalation of flames and respiratory damage.
(7) To protect the face and hair from direct contact with flames.
(8) To provide protection from convective and radiant heat.
(9} To extend passenger escape time by maintaining passenger mobility and continuation of evacuation.
(10) Esthetic considerations involving prevention of disfiguring facial burns.

These hoods were constructed of "Kapton," (tradename of E.I. duPont de Nemours Corporation, Wilming-
ton, Delaware), a high-temperature polyimide film, selected because of its characteristics of non-melting
when exposed to extreme heat, non-flammability, and transparency. Char levels for Kapton are stated to
exceed 800°C (1,472°F). Kapton also exhibits a high tensile strength, folding endurance, low shrinkage,
insolubility in organic solvents, and inertness to fungi. Conventional heat-sealing techniques could not
be used in fabrication since polyimide film has no melting point. One initial series was fabricated uti-
lizing high temperature adhesives. A second series was fabricated with a transparent reflective metalizing
coating. Some 21 samples of polyimide film were successively coated with varying thicknesses of gold, sil-
ver, and aluminum, with and without a protective coating over the metal. Evaluation was made for infra-
red emissivity and reflectance, heat, and optical transmission.

The normal volume of the hood was calculated to be about 18.5 liters (1,129 cu in) exclusive of the
volume occupied by the wearer's head. Human testing was conducted with subjects wearing the clear, un-
coated, amber-colored, polyimide hoods and the coated silver polyimide hoods for eight minutes of infra-
red radiation exposure with the filament of the lamps located 55.9 cm (22 in) from the front surfaces of
the hood. The metalized polyimide film was shown to develop up to 90% infra-red reflectance. When the
clear hood was used, skin temperatures of 46.1-47.2°C (115-117°F) approached the 1imits of voluntary heat
tolerance. A maximum skin temperature of 37.7°C (100°F) resulted under the same conditions while subjects
wore the coated silver hood. When the heat sources were moved to a point 16.5 cm (6.5 in)} from the front
surface of the hood (lamp lens within 2.5-5.0 c¢cm [1-2 in] of contact) forehead skin temperature averaged
41.1°C (106°F). Some reduction in visibility with both clear and metalized hoods was found. It was cau-
tiously concluded from this investigation that the Schjeldahl smoke hood had potential usage for short-
term emergency protection, however additional tests and development were required "prior to any specifica-
tion for operational use in aircraft" [McFadden et al., 1967 (538)].

However, the initial tests reported in 1967 [McFadden et al. (537, 538)] as well as the FAA Flight
Standards full scale evacuation tests [Federal Aviation Administration, 1968 (506)], and studies carried
out by the Aerospace Industries Association Crashworthiness Development Program Technical group [1968
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(488)1, had revealed specific design deficiencies in the original prototype. The primary deficiencies
noted were:
(1) Neck Seal. Passengers and crew evacuating from jet aircraft could not be relied upon to
consistently tighten the drawstring neck seal.
(2) Vision. While polyimide surface aluminization was shown to provide excellent radiant heat
reflectance and sufficient transparency for adequate vision under normal illumination levels,
it was found that evacuation test subjects experienced vision difficulties when exposed to
the .05 foot-candle emergency illumination as provided in jet transport aircraft.
(3) Useful air supply. Limitations in time duration of hood effectiveness in rebreathing (partially
due to neck seal).

In a subsequent study by the Civil Aeromedical Institute, FAA [edited by McFadden and Smith, 1970
(539)], specific items were evaluated as suggested by the results of the initial tests. This combined
multi-disciplinary physiological, medical, and psychological investigation examined leakage, toxic effec-
tiveness, vision, acoustic characteristics, effects of safety briefings, and simulated evacuation tests
through dense smoke.

The current state-of-the-art of the Schjeldahl smoke hood is still represented in these areas by
this 1970 evaluation, which was designed to investigate: (1) the degree of protection against incapacita-
ting agents provided by the hood; (2? the hood limitations in terms of useful air supply, vision, and au-
dition; and (3) the utility of the hood. The specific findings of these studies are summarized as follows:

3.2.2.1 Leakage Evaluation. As a result of the earlier findings concerning poor neck seal
with the drawstring hood ("1ype D"), a new neck seal consisting of a septal (membrane) of heat-resistant
urethane was developed ("Type S") which fits closely about the neck upon donning. The objective was two-
fold; to determine life-support capabilities with respect to both the quality of the contained air supply
and to the metabolic rate of the wearer [McFadden et al., 1970 (539)].

Ten hoods of each type were tested utilizing ten male and ten female naive subjects. Temperature
exposure was limited to 60°C (140°F). Respiratory rate was continuously monitored with an impedence pneu-
mograph which also provided estimates of relative tidal volume. Oxygen consumption, carbon dioxide pro-
duction, heart rate (ECG), hydrocarbon concentration, and loss of air were measured.

The most marked difference between the septal and drawstring hoods was the observation that COp ac-
cumulation and 0 reduction in the septal type (S) tended to progress in a relatively uniform linear fa-
shion, while with the drawstring (D) hood this tendency was interrupted when the €0, concentration reached
a level which induced hyperventilation. This increase in depth of breathing (pumping action) character-
istically resulted in a gross leakage and Teveling off of COp concentrations with the earlier drawstring
(D) hood. Overall leakage of the D drawstring version was markedly greater than with the S Septal hood.
However, it was noted that repeated usage of the septal seal (S) hood resulted in a trend toward greater
leakage (fatigue of the elastic polyurethane seal) which could be a factor if hoods were to be donned re-
peatedly during drills or precautionary evacuations, and it was recommended for this reason that seals be
replaced after each usage.

These investigators point out that the results of these tests illustrate that no hood which is de-
signed to meet the criteria of accessibility and economy of storage can be expected to provide absolute
protection and Tife support for indefinite periods. A CO, concentration of 5% was reached in septal seal
(S) hoods within 1.4 to 4.0 minutes, depending on the temperature and degree of physical exertion. A pro-
Jjection to 8%, the generally accepted minimum allowable concentration, is reached in 3 minutes under exer-
cise conditions and 6.4 minutes under rest "cool" conditions; in 2.2 minutes under exercise and 4.9 minutes
under rest "heat" conditions.

Information concerning metabolic rates of semi-hysterical people attempting to escape a burning air-
craft are not known. However, these authors believe this should not exceed the 0, consumption of the exer-
cising subjects. They conclude that the 8% tolerance time of approximately 120 seconds obtained for this
group seems a conservative estimate of the time during which the average evacuee could benefit from the
hood, and that the newer septal seal (S) type hood provides excellent fume protection.

Some cautions were also expressed. Pentane gas was selected as the single model agent as a compro-
mise between gases of higher and lower molecular weight, fat solubility, and other chemical properties, as
well as because of safety up to the flammability 1imit of 1.4% concentration. But toxic gases with greater
diffusion potentials than pentane may occur in aircraft fires and include HCN, CO, HCL, and aldehydes.
Failure of a particular device can occur even under the best of manufacturing controls, as was pointed up
by an incident reported by these investigators. "An experienced investigator, wearing approved (Bureau of
Mines) full-face regalia with air supply, became incapacitated by a leakage of lacrimator gas while serv-
ing as a safety man for another investigator who was wearing a Type S septal seal smoke hood. The man
equipped with the hood discovered the accident and led the visually incapacitated 'safety man' from the
chamber" [McFadden et al., 1970, p. 15 (539)]. Another possible risk is that an individual who is abnor-
mally insensitive to COp may suffer from insidious hypoxia when the 02 is consumed. Normal individuals
would be forced to remove the hood by the sensation of suffocation.

3.2.2.2 Toxic Environment Effectiveness. The objective of this study was to determine the
effectiveness of the newer septal seal (S) protective smoke hood in preventing inhalation of toxic sub-
stances similar to those produced in the combustion of aircraft fuel and cabin interior materials. Test
subjects were exposed to a heavy black smoke environment consisting of significant quantities of carbon
monoxide (CO concentration from 450 to 950 ppm) and soot particles resulting from combustion of JP-4 fuel
and water-soluble 0ils. Seven adult (4 male, 3 female) subjects were tested in an octagonal maze smoke
chamber in a clockwise direction while conducting a switching task until they had been exposed to at least
90 seconds of test [McFadden and Gibbons, 1970 (536)].

This study was based on the well-established affinity of blood for carbon monoxide, which is several
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hundred times greater for CO than 02. Since it is more easily passed through membranes due to its small
molecular size, it is particularly important that the smoke hood prevent inhalation of this gas. During
the chamber exposure subjects traversed linear distances of 33 to 67 m (108 to 220 ft), which were con-
sidered to exceed those required in the movement to emergency exits in aircraft, and were able to perform
a relatively large number ?11 to 25) discrete switching operations under these conditions. This study
confirmed the effectiveness of the septal seal (S) smoke hood in a toxic environment under evacuation con-
ditions requiring both movement to exit areas and ability to perform manipulation operations.

3.2.2.3 Vision. Since the earlier FAA tests examined optical transmissions of the Schjeldahl
smoke hood by spectrophotometric measurement and found deficiencies in vision under emergency 1ighting
(.05 foot-candles) conditions, the purpose of this study was to evaluate the optical transmission of the
hood by visual photometry and determine the effect on visual acuity [Lewis, 1970 (528)].

Nine male and three female subjects were tested, utilizing both the hood without aluminization (from
Type S) and the aluminized with a clear band (from Type D). The visual acuity tests were designed to rep-
resent a worst-case situation. Thus subjects were adapted to an illumination in excess of that provided
by normal aircraft interior lighting; the illumination was therefore set at 30-foot-candles measured at
seat level. This exceeds the usual 15- to 25-foot-candles provided by aircraft reading lights and the 5-
to 15-foot-candles general illumination at armrest height. Simulated emergency illumination was obtained
by adjusting the voltage of a tungsten lamp to provide .05-foot-candle illumination. Test procedure in-
volved the subject seated 3 m (10 ft) from the test target and adapted to normal illumination for 1 minute.
Basal acuity was measured, after which subjects were instructed to don the smoke hood after lights were
turned off and read each test card as rapidly as possible. Matched tests were conducted without the smoke
hood, and each subject made eight runs, four in each condition.

Results showed that visual acuity in these tests was reduced under emergency illumination to 0.68
without the smoke hood, compared to a further reduction to 0.55 while wearing clear smoke hoods (Type S).
With aluminized hoods (Type D), visual acuity was reduced to a level below the measurement capacity. It
was reported that clear smoke hoods (Type S) have optical transmissions of about 75-80% (similar to trans-
mission of optical glass sunglasses). A difference of 5% between the uncoated patch test samples and the
clear areas from aluminized samples was considered to be due to the coating used to protect the aluminized
surface, While visual capacity was reported to be significantly affected by wearing clear hoods under
emergency illumination, a 20 to 30% increase in the level of emergency illumination would compensate for
the transmission loss through the non-aluminized hoods [Lewis, 1970 (528)].

3.2.2.4 Acoustic Attenuation. The purpose of this study was to determine the extent to which
the smoke hood may act as a barrier to the transmission of sound. This is of especial importance in an
emergency evacuation if passengers are to hear crew instructions.

Thirty male and female subjects were each tested twice, once with and once without wearing the hood.
Each subject wore the hood for two periods of 100 seconds each. It was concluded that the Schjeldahl
(Type S) smoke hood does not interfere with the transmission of sound waves. A barely discriminable maxi-
mum threshold shift of 3dB at 5,000 Hz was reported [Tobias, 1970 (568)].

3.2.2.5 Safety Briefing Effectiveness. The utility of the smoke hood during an actual evacu-
ation primarily depends upon the passengers' or crew's success in using it, and it was considered that this
is probably a function of the effectiveness of the preflight safety briefing. This psychological study was
therefore designed to determine to what extent increasing the amount of information presented during safe-
ty briefings influences the degree of hood-donning success (as measured by both ease and speed of donning),
the extent of hood inflation, the incidence of positive and negative feelings about hoods, and the willing-
ness to use them. In addition it was considered important to ascertain: (1) how much of the information
presented during briefings is retained, as a function of the amount presented; (2) the importance of the
use of demonstrations, (3) whether hood-donning ability is affected by the passenger's sex; and (4) whether
?racgace will result in a significant performance improvement. This study was conducted by Smith [1970
564)].

Naive subjects consisted of 35 females and 68 males between the ages of 17 and 31; 22 observers were
pretrained for behavioral observations. The study was conducted in an aircraft cabin with seating modi-
fied to allow observers to directly observe subjects. A pocket containing a compactly folded Type S smoke
hood {15.2 x 17.8 x 3.8 ¢cm [6 x 7 x 1-1/2 in]) was firmly taped on the seat back in front of each subject,
and positioned so that the upper portion would tear off when a subject pulled on either of two red tabs
located at the upper corners of the pocket. A tape recording presenting six variations in briefings pro-
vided a greeting, statement of emergency exit locations, description of the use of oxygen, and statement
of the location and purpose of the safety hood. Each subsequent briefing (with a different group of sub-
jects) increased the amount of information given about the smoke hood, although the stewardess gave the
same demonstration during all briefings. At the conclusion of each briefing the subjects were told that
on a signal they were to don the smoke hoods located on the backs of the seats in front of them as quickly
as possible.

Results of the hood-donning efficiency indicated that subjects (95.2%) felt that the instructions
were clear. Observers noted, however, that 90.3% of the subjects encountered some sort of a problem in
donning the hoods, although all were reported to have gotten the hood on both quickly and satisfactorily.
Finding and spreading the neck seal and completely inflating the hood so that it would contain a maximum
amount of air seemed to present the biggest difficulties. It was judged that giving instructions about
getting the hood over glasses could be helpful.

Some 73.4% demonstrated satisfactory retention of safety information, with no difference in retention
rates between demonstrated and non-demonstrated items. However, it was also reported that subjects in 5
of the 6 groups did better on non-demonstrated than demonstrated items. Subjects did poorest in retention
of information related to exits, and on how long to wear the hood. Previous hood-donning experience was
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found to significantly reduce the time of donning as well as problems encountered. It was suggested that
passengers seated next to windows may have more difficulty in hood donning than aisle passengers due to
space limitations. Nothing was noted about the middle passenger in a triple seat.

It was concluded by Smith that increasing the amount of information presented during briefings about
the use of protective smoke hoods had 1ittle effect on donning time but resulted in fewer problems in don-
ning over glasses, better inflated hoods, and more positive feelings about the hood use. A1l subjects
stated they would use the hood in an emergency although some expressed reservations about a shortage of
air in the hoods.

Recommendations resulting from this investigation were reported as follows [Smith, 1970 (564)]:

General safety briefings should probably contain more information about the use
of safety devices.

(2) The portion of the briefings dealing with safety hoods should include mention
of the adequacy of air supply.

(3) The opening in the S type hood's septal seal neck should be modified to make
it easier to find (perhaps by outlining in a contrasting color).

(4) Consideration should be given to using a larger, less compact hood package,
with possible enclosure of self-distending devices.

3.2.2.6 Dense Smoke Evacuation. This final investigation in the 1970 FAA study of the smoke
hood was designed to determine the reactions of a naive group of subjects to smoke hood use during simu-
lated evacuation in the presence of heavy smoke. This work was conducted by McFadden [1970 (534)%.

The test evacuations were conducted in a Lockheed L-749 Constellation cabin, with motion picture
analysis (smoke completely obscured visibility), sound recordings by means of a tape recorder, and with
one slide inflated and in place at the exit door (at left rear cabin), partly open prior to tests. The
smoke hood packet was inserted in the seat back pocket. The Type D drawstring hood was used in these
tests. One group of 64 subjects evacuated without smoke and without using the hoods, then in a second
test used hoods in dense smoke to evacuate upon activation of an audio alarm. A second group of 64 sub-
jects made their initial evacuation under smoke conditions while wearing smoke hoods, and a second test
without the presence of smoke and without wearing hoods. Smoke was produced by means of a theatrical smoke
generator to an extent that visual cues were virtually eliminated. This series of tests was intended to
measure the flow of a maximum number of passengers through only one exit.

It was found that the presence of smoke was the primary variable influencing speed of evacuation,
although the use of hoods alone was reported to have had little significant effect on evacuation rate.
Subjective questionnaire results indicated the experience gained in evacuating without smoke was beneficial
when subjects subsequently evacuated under smoke conditions.

3.2.2.7 Conclusions of FAA/CAMI 1970 Tests. The six studies summarized in the foregoing in-
dicated that the currently available smoke hood devices tested did protect the individual from the res-
piratory effects of smoke and provided him with an air sample which was relatively uncontaminated and ade-
quate for evacuation from current civil jet transports. However, there still remained some limitations,
primarily that the hood did not increase visibility in smoke other than preventing eye irritation, and
the air supply was limited. The septal seal neck of the new Schjeldahl Type S hood had been shown to be
a distinct improvement over the older drawstring D type in preventing the penetration of noxious substances
into the hood air sample. Several problems pointed out relating to the passenger locating the seal for
donning, and the decrement of the seal through repeated usage, were felt to be solvable. Results from
these briefing tests indicated that even with a minimal briefing most passengers should be able to use the
hood adequately. The major improvement, which was explored in subsequent experimental developments, evalu-
ated the incorporation of a self-contained oxygen supply and. carbon dioxide removal agent. In view of the
foregoing studies the FAA medical investigators felt that development of a safe "get-me-out" smoke protec-
tive device had progressed to the point where its use in civil air carriers should be mandatory. Figs.
24 and 25 illustrate the use of this particular device in the Chrysler Corporation G-2 Gulfstream.

3.2.3 1967-68 AIA Smoke Hood Evaluation. As part of the Crashworthiness Development Program of the
Aerospace Industries Association of America, evaluation and testing of aircraft crash-egress smoke masks
were conducted in 1967-68 and a limited distribution of results prepared in July, 1968 %AIA, 1968 (488)].
A Boeing-McDonnell Douglas team evaluated prototype "masks" at the McDonnell Douglas laboratories at Long
Beach and the Boeing Company laboratories at Renton, Washington. These are the only comparative tests
known for a number of prototype devices. In September, 1967, 28 companies were sent an invitation to par-
ticipate which described suggested requirements for smoke and fume protective devices that could be used
for escape from an aircraft fire. As a result, 8 companies submitted 10 prototype devices. These consis-
ted of the Schjeldahl hood (drawstring version, "D"), Boeing Mask, John Hand Hood, Racine Glove Company
Hood, Sierra Engineering Corporation Hood, two Life Support Systems Hoods, Scott-0-Vista Mask, and two
Mine Safety Appliance Company devices, as illustrated and described in Figs. 26-32. Tests included sub-
jective smoke tests, in which a volunteer subject entered a 9.6 cu m (340 cu ft) smoke chamber wearing a
previously donned and adjusted hood, and remained until breathing became intolerable for that individual.
White irritant smoke was initiated from a smoke bomb device. These tests were reported as indicating that
small amounts of leakage had a significant effect on the wearer, making the subject want to remove the
mask. One test was conducted in a noxious environment produced with a .09 m sq (1 ft sq) pan burning in
a 4.5 m (15 ft) mock-up utilizing a Boeing Mask with a modified mouthpiece and nose seal. (Rebreathing
of less than 2 liters (122 cu ing of previously exhaled air used to inflate the device would appear to be
an inadequate rebreathing volume.)

) Three exposures of increasing but unspecified duration were reported as successfully tolerated, but
in a fourth exposure planned for 150 sec, the subject lost consciousness at 130-140 sec. It was concluded
that this resulted from a lack of oxygen. No information is available as to the number of subjects, num-
ber of tests, or number of each hood type tested. Apparently no objective testing was conducted.
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Fig. 24. Demonstration of passenger donning Schjeldahl "S" model "safety" hood in Chrylser Corporation
Gulfstream. This smoke hood is presently in use in many corporate, FAA, and other aircraft and has been
recommended in several studies for use in USAF air transport aircraft (Photo courtesy Chryslier Corporation).

Fig. 25. Once smoke hood is donned it may protect the passenger against toxic fumes and smoke for 4 to 6
minutes, and protect the head and face against the effects of flames exceeding 800°C (1,472°F), providing
additional emergency egress capability (Photo courtesy Chrysler Corporation).
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It was reported that eight evacuation tests were conducted in an abbreviated Boeing 727-200 mock-
up, using only Schjeldahl (Type D), John Hand, and Boeing masks due to limited availability of other de-
vices. Illumination conditions and instructions were varied during the smoke tests. Information was re-
portedly obtained by use of motion picture photography, questionnaires, and voice recorders. Results in-
dicated that donning time ranged from 8 to 14 seconds. Hoods were frequently not zipped up or properly
tightened and the Boeing Mask mouthpiece often was not gripped in the mouth. Subjects were reported to
have 1ifted the devices above their eyes to improve visibility. Devices used in 1ight smoke and with 0.1-
foot-candle average cabin illumination resulted in a 30% decrease in evacuation rate (but this report does
not indicate over what). Devices used in a dark cabin with smoke were reported to be 33 to 52% slower
when compared to evacuation in dark conditions with no masks or hoods. Device usage increased when clear-
er instructions were given in briefing. This study concluded that use of the devices tested was not satis-
factory; that visibility was decreased and evacuation slowed about 30%. Although these conclusions are
not objectively documented by in-depth tests of the devices examined, they represent a major attempt to
survey the state-of-the-art at that time.

3.2.4 1969 French Tests of Schjeldahl {Type D) Smoke Hood. In October, 1969, the Aeroport de Paris
carried out two tests by three volunteers of the early Type D (drawstring) smoke hood loaned by the FAA
(Mouton and Armand, 1969, unpublished). Volunteers were all pilots and tests were carried out in a smoke-
filled cabin of an obsolete Starliner transport at Orly. Although these tests were limited and of a sub-
jective nature, the conclusions and comments resulting should be noted.

They observed that the smoke hood was easily donned, there was no smoke penetration, there was effec-
tive protection of the face from flame (but the plastic neck collar burned when placed by itself directly
in flame), hearing appeared normal, visibility was 360°, and the hood design allowed it to be donned in
anv position. However, they also noted a problem with moisture condensation from respiration within ap-
proximately one minute after donning which lowered visibility. In this regard, this observation was made
at close to normal temperature and it was postulated that such moisture might not occur in the heat of an
actual fire. Another critical comment involved a lack of air experienced at about 75 seconds, and a maxi-
mum usage 1imit of 2 to 2.5 minutes. The lack of visibility in a smoke-filled cabin was also noted, as
well as the fact that one of the three masks tested tore "rather easily," although the report did not state
where the tear occurred or under what conditions.

Thev proposed (through the SNPL Technical Committee) the combined use of the oxygen mask and smoke
hood to increase the breathing time, although noting the fire danger from use of 0p. This report concludes
that the smoke hood represents considerable progress in fire protection and contributes to preventing pas-
senger panic. They suggested improvements consisting of: (1) reinforcing plastic collar; (2) using im-
proved heat-resistant plastic in collar; (3) extending hood below collar to protect it; (4) providing
chest shielding; and (5) consider combining with an oxygen mask to provide prolonged survival time.

3.2.5 1969 ATAA "Riley Report." Appended to the Air Transport Assocation of America comments on
the protective smoke hoods for emergency use by passengers and crew members (Docket No. 9344, Notice 69-2)
were opinions expressed by Dr. Richard L. Riley, Professor and Chairman, Department of Environmental Medi-
cine, The Johns Hopkins School of Hygiene and Public Health, and Dr. Solbert Permutt, Professor of Environ-
mental Medicine in the same department, consultants to the ATAA. They were of the opinion that the early
CAMI study failed to give adequate consideration to the hazard of hypoxia created by the smoke hood it-
self, and therefore that the smoke hood "does create a significant hazard in itself." They were especial-
1y concerned with the possibility of fatal accidents occurring as a result of prolonged breath-holding,
and cited an investigation by Craig [1961 (499)] of eight near-drownings and five drownings in which it
was believed that hvperventilation before breath-holding and exercise may delay the onset of the urge to
breathe ("white-drowning"). In this case, before the partial pressure of CO7 increases significantly, the
0o may decrease to a degree incompatible with high-level cerebral function. In other words, when the in-
dividual hyperventilates he drives out the COp and soon uses the 02 faster than he builds up CO2. They
also disputed that everyone will remove the smoke hood once the C02 reaches a certain level. The arguments
presented in this report were based upon critical review of the early CAMI report [McFadden et al., 1967
(538)1, aircraft evacuation movies, evacuation evaluation of the Aerospace Industries Association [AIA
Report CDP-2, 1968 (488)], and inspection and donning of Type D and Type S hoods.

Their views were subsequently concurred in by Dr. Fenn of the University of Rochester, Flight Safety
Foundation consultant, who read their report and concluded that there is a danger in the use of a gas-
proof bag of that type because it can lead to suffocation and unconsciousness when the oxygen is suffi-
ciently depleted.

At the time of these opinions, the more extensive FAA/CAMI smoke hood research reported in 1970 (539),
utilizing the more advanced Schjeldahl septal seal, was not available.

3.2.6 1970 NAS/NRC Space Science Board Report. In 1970, at the request of the Office of Aviation
Medicine, FAA, to the National Academy of Science/National Research Council (NAS/NRC), critical evalua-
tions of the smoke hood device, apparently based primarily on the most recent FAA studies [McFadden et al.,
1970 (539)], were conducted by three members of the Space Science Board. In the comments received, sev-
eral potential hazards were pointed out. The narcotic effect of higher CO, concentrations have led to
sudden unconsciousness, without warning (at 9.2% level COp) [White et al., 1952 (571)], and when asphyxia-
tion to the point of respiratory failure is brought about by inhaling pure COp, resuscitation has not been
successful. Hypoxia was also felt to be a serious hazard due to the limited supply of oxygen. Another
point brought up concerned the legal problem which an airline might find itself in, in the case of a le-
thally injured individual found wearing a smoke hood following a fire. Cause of death may be difficult to
determine in this instance. Hood material deterioration characteristics were questioned, as well as re-
usability. The tolerance of hood-wearing on people with cardiac disease or pulmonary dysfunction is un-
known, and the wearing time in egress at higher elevations was questioned. What are the problems in fit-
ting infants, children, and people with abnormal neck size into the D or S ‘type hood?
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While one reviewer, experienced in CO» toxicity, stated that he doubted he would wear the smoke hood
as an alternative to evacuating a smoke-filled cabin, other evaluators, while cautious, appeared to indi-
cate in general that progress had been made. The necessity for ease in donning, a minimum amount of in-
struction, good vision, and a self-contained oxygen supply and CO, removal agent was emphasized. This re-
port undoubtedly represents the most thorough medical critique of the smoke hood development of the D and
S types. The more advanced self-contained air supply type of hood presently under development appears to
meet the most serious criticisms; however, other factors pointed out such as deterioration characteristics,
leqal problems, effect upon cardiac or pulmonary patients, and special problems related to infants, ap-
parently remain unknown.

3