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1. EXECUTIVE SUMMARY

1.1 BACKGROUND

Over the past years, there has been an interest in the development
of future aircraft fueled with liquid hydrogen (LHZ). Several aircraft
manufacturers have performed design studies on an-fueled airplanes.
NASA was interested in idertifying any technological gaps which might
need follow-on work after a comparison and safety assessment was made.
The fuels for comparison with LH2 were specified to be liquid methane
(LCHA). Jet A, JP-4 and gasoline. An important question, crucial to any
future decision to build a LHZ—fueled alrcraft, is the relative crash

fire hazards associated with LH2 fuel.

Consequently, NASA issued a request for proposals on "An assessment
of the Crash Fire Hazard of Liquid Hydrogen Fueled Aircraft." Two pro-
posals were accepted by NASA. The Arthur D. Little, Inc. work is described
in this report; the parallel work done for NASA by the Lockheed Corporation
is the subject of a separate report. The two projects were done indepen-
dently although Arthur D. Little, Inc. used Lockheed designs for future
LH2 and LCH, fueled aircraft as a basis for the evaluation. This choice
was based on the large amount of design work already done and published

by Lockheed on these concepts.

1.2 SCOPE OF WORK

The program consisted of three tasks in addition to a reporting task.
Task I. State-of-the-Art Review.

e To collect and evaluate data relating to the hazardous properties
of liquid hydrogen in comparison to those of LCHQ, Jet A, JP-4,
and gasoline.
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® To review crash fire data from Jet A, JP-4 and gasoline

alrcraft accidents.

@ To review recent studies and proposals for liquid hydrogen

fueled aircraft by major aircraft manufacturers,
Task II, Crash Scenario Evaluation and Modeling
o To evaluate four general crash scenarios:

1) A nonnormal landing or ground accident which results in
fuel system insulation damage and/or fuel system damage
permitting liquid hydrogen to vent, escape, leak or run

out of a punctured tank or broken line.

2) A survivable 'crash" landing or failed "takeoff" where
damaze to fuel tankage or lines results in a massive
release of liquid hydrogen after the aircraft has come

to rest.

3) A survivable "crash" landing or failed "takeoff" where
damage to fuel tankage or lines results in a massive
release of liquid hydrogen upon impact and during aircraft

deceleration.

4) A catastrophic crash resulting in the maximum rate of
energy release in the form of a conflagration and/or

explosion.

e To determine the theoretical characteristics or models of these
scenarios with liquid hydrogen, in comparison with liquefied
natural gas and methane, and conventional hydrocarbon fuels (such
as Jet A and JP-4). The comparative hazards of each fuel evaluated
shall be determined. The effect of fuel tank location and ignition
sources and other relevant parameters associated with cryogenically
fueled aircraft designs recently proposed by major aircraft

manufacturers shall be incorporated into this study.
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Task III. Comprehensive Review and Anulysis

e To present analytical models applicable to the various fire
scenarios and compare the relative crash fire effects for all
the fuels.

® To identify technological gaps and specific unknowns and
uncertainties that limit the depth of this study.

e To suggest areas for follow-on research and experiments to
provide technology and data supplemental to this study and
applicable to the design and development of liquid hydrogen
fueled aircraft.

1.3 GENERAL APPROACH

To meet the objectives of this study, we conducted an extensive
evaluation of available information on past crash fire accident descrip-
tions as well as on the potential designs available for cryogenic and
conventional fueled aircraft. After selecting a set of designs based
on equivalent passenger capacity and range for our comparative analysis,
we evaluated a broad range of potential hazards associated with realistic
types of crash damage. The four scenarios given to us by NASA in the
Statement of Work were used to categorize crash events in general terms.
Rates and quantities of fuel release were identified for the LHZ’ LCHA

and conventional fueled aircraft.

Next, we reviewed available hazard mode.s for describing potential
consequences of such releases for the various fuels and crash scenarios.
At this point, we identified thr. most significant hazards and concentrated
our efforts in a comparative analysis of the consequences expected for the
various fuels. TFinally, we performed a comparative evaluation and
identified some areas where additional work appears to be needed prior

to an active decision to proceed with a Lszfueled aircraft.
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In this report, the state-of-the-art task results are distributed
by subjected matter in the appropriate sections. Section 2 describes
available design concepts for LH2 fueled and comparable LCH, and conven-
tional fuel aircraft and discusses our rationale for selecting the designs
on which our comparative evaluation is based. Section 3 presents and
evaluates available historical crash fire data. These data, for the
selected aircraft configurations, are utilized in Section 4 to characterize
accident scenarios. In Section 5, we discuss possible hazards and identify

the more significant hazards for comparative analyses.

The analysis and comparison of hazards due to fireball formation are
presented in Section 6; prol fire hazards are evaluated in Section 7.
Section 8 summarizes the main results of the comparative evaluation and

presents recommendations for future work. Supporting information and

analyses are presented in Appendices A to C.

1.4 CONCLUSIONS AND RECOMMENDATIONS

In this study, we compared crash fire hazards of mission equivalent,
400 passenger, Mach 0.85, 5500 n. mile range aircraft for three types of
fuel. These fuels were liquid hydrogen, 1liquid methane, and conventional
jet fuel. The two cryogenic-fueled designs had tanks located in the
fuselage; the conventional fuel aircraft had wing fuel tanks. All the
designs were based on published Lockheed studies.

For purposes of comparison, we considered four crash scenarios rang-
ing from minor releases to a catastrophic crash. 1In each scenario, the
potential fuel-release and crash fire consequences were compared for the
three types of fuels.

Our basic conclusion i1s that the crash fire hazards are not signi-
ficantly different when compared in general for the three fuels, although

some fuels showed mino. idvantages in one respect or ancther. Speci-
fically:

Arthur D Little Inc



For fireball post crash scenarios, LH, showed relatively lower

hazard zones at grade than did conveniional fuels and I.Cll4 (in
that order). This effect is apparent whether the comparison
is made on the basis of total fuel volume released or on the
basis of equivalent chem.cal energy content of the fuel re-
leased. This is due to the rapid burning of the hydrogen.

the smaller fireball size, and the lower emissivity of the

hydrogen flame.

For fuel releases resulting in pool fires, LB2 also prciuces
smaller hazard zones than the other fuels, on either a volume
or energy content comparative basis except for the larzest
spill sizes where the hazard zone may be slightly higher than
that for conventional fuel - but still substantially less
than that for LCHG. Again, the Lﬂz fire burns out very
quickly, has a smaller diameter (although taller) flame and

a lesser emissive power except at very large spill sizes.

Dispersing aerosol is potentially a problem for all three
fuels. Aerosol formation was not treated comparatively because
it is so depeadent on “he specifics of particular crash con-
ditions.

For the two cryogenic fuels, downwind dispersion of vapors
from unignited fuel spills is a potential problem. One might
expect LCH4 to be more likely to disperse downwind near grade;
LH4 might be more likelv to rise. However, with aerosol for-

mation, both dispersing clouds could remain near grade.

Because of the wider flammability limits, more fuel is likely

to be flammable at any time in a dispersing LH, vapor cloud

2

than in an equivalent LCH4 vapor cloud. However, this in-
creases the chance of earlier ignition in a dispersing LH2

cloud and may reduce the extent of downwind vapor fire damage.
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e Smaller spills of an and Lcnb are likely to disperse as

neutrally buoyant plumes.

e Considerable uncertainty exists in prediction of downwind
dispersion distances for large Lcué spills because of
limited experimental data and the complexity of the physical
effects involved in developing a theoretical wmodel. Far
less data are available for Lﬂz spills.

® In severe crashes, fire is so likely that theoretical flam-
mable vapor dispersion with delayed ignition is not con-
sidered a credible threat at large distances from the crash.

° an is more likely to cause blast effects due to accumulation
and ignition in confined spaces. This problem can be mini-
mized by careful design, monitoring, provision of inerting
systems, and design with secondary barriers to contain small
leaks.

In summary, our comparative evaluation for historically observed
crash damage scenarios applied to mission equivalent aircraft shows that
Lﬂz offers survivability benefits in most cases where a fire cccurs
rapidly. These advantages and disadvantages in other respects are
relatively minor and difficult to quantify. However, from a crash fire
hazard standpoint, Lll2 does not appear to be a significantly more
hazardous fuel than conventional jet fuels and LCHA. In some respects,
it offers lesser hazards. Thus, pending some future research and de-
velopment work, we see no crash fire hazard situations which should

discourage development of a LHz-tueled aircraft.

From our evaluation, we recommend that additional safety studies be
performed to clarify some of the remaining uncertailnties relating to

LHz hazards. In particular:
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e Additional dispersion and fire tests would be desirable to
confirm the conclusions drawn in this study, which are
based on the current state-of-the-art. For example, pool
fire tests with an instrumented fuselage can be conducted

to test the validity of our predictions in Section 7.

e Comparisons between future LH2 tests and planned LCH4 (LNG)
tests, under DOE sponsorship at Jackass Flats, Nevada, should

be made.

® Second generation fire and dispersion models should be de-

veloped, based on theory and results of experiments.

Further, should the development of a LH2 aircraft proceed, some

technological improvements should be given priority; for example:

e Further studies to develop optimum design and systems for
LH2 aircraft are needed. Crashworthiness should be an

important cousideration in design.

® Since compon~nt reliability is very important in preventing
minor leaks with potential for creating a serious incident
or accident in a LH2 aircraft, attention should be focussed

on further development work on the foilowing components:
- Less expensive pumps ($5,000 range)

- Improved pump seals with a longer operating life
(present seals are designed for only a few hours

of operation)

- Evaluation of new types of fuel transfer systems
to minimize the change of any leakage (pump seals,

valve packings, etc.)

- Improved lightweight and strong storage systems

Optimized LH2 combustors
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2. AIRCRAFT SYSTEM SELECTION

2.1 INTRODUCTION

The assessment of the crash fire hazard of LHZ-fueled. subsonic,

commercial aircraft requires the use of aircraft concepts which represent
the most probable missions and configuration of this post 1990-1995
transportation system. Because no liquid hydrogen fueled aircraft

exist, the crash hazard analysis must be based upon preliminary designs

of practical commercial Ircraft using this fuel. The purpose of this
section is to identify, from published information, the most viable con-
cept for the liquid hydrogen-fueled aircraft and a concept for "comparable"

LCHQ and conventional fuel aircraft.*

In the following paragraphs, first we review briefly the information
available in the literature on various LH2 aircraft concepts. Secondly,
we define the anticipated mission of a LH2 aircraft. Thirdly, we select
three aircraft designs having the same mission but fueled by LH2, LCH4

and conventional fuel.

2.2 REVIEW OF DATA ON LH, AIRCRAFT CONCEPTS

In the 1970's the major U.S. commercial aircraft manufacturers gave

serious consideration to alternate aircraft fuels with particular interest
centering on liquid hydrogen. Much of this work was self-sponsored and
none, but the most general results, are available in open literature.
Beginning in 1973, however, NASA/Langley sponsored a series of studies
on liquid hydrogen fueled subsonic commercial aircraft which dealt with
the following major topics:
1. LH2
2. LH2 Aircraft Fuel System
3. LH, Aircraft Airport Requirements

4, LCHA Aircraft and Comparison LH2 and JAF Aircraft

Aircraft and Comparison JAF Atrcrafe (2-1, 2.D)f
(2.3)
(2.4, 2.5)

(2.6)

*In this section, we do not distinguish between the conventional fuels
(JP-4, gasoline, kerosine and Jet A) since their corresponding fuel

systems are essentlially similar.

fNumbers in brackets denote referenees which are presented in Section 9.
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Lockheed performed each of these studies and Boeing only the third
study, duplicating the Lockheed work. Together they are the definitive
data source on the LHz. JAF and LCHa fueled subsonic aircraft.

In-house supported studies were also conducted by both Boeing(2'7’2'8)
and McDonnell Douglas(z'ge Their most general results, presented in

papers, testimony and brochures, have been made available to us.* These
do not present sufficient data on the LH2 aircraft configuration nor

do they provide information for any comparison with JAF fueled aircraft.

Further, LCH4 fueled aircraft is not given any consideration in the

available material. Table 2.1 summarizes the appropriate information

and references.

The principal configuration factors are the size and shape of the
aircraft and the locations within the aircraft of the passengers, stored
fuel and engines. Each type of fuel may require its own particular air-
craft configuration. In one of its earlier studies, Lockheed(z'a)evaluated
eight LH2 fuel location concepts. Four of these included fuel in the
fuselage, and two each for fuel in pods and fuel in wing. Their results

indicated that the most favored configuration was fuel in the fuselage

(2

located fore and aft of the passenger compartment. This rﬁiglt was
recently confirmed by Boeing and McDonnell Douglas """ .

The above noted result was also obtained when Lockheed conducted the
methane fuel study(z'lsf Further, in both the LH2 and the LCH, fuel
studies, the second most favored fuel configuration was the fuel located
in twin pods mounted onto and above the wings. This latter configuration

more nearly conforms to JAF aircraft with fuel located in the wings.

The LH2 placement fore and aft, as indicated above, leaves unresolved
the federal regulations requiring passage between the cockpit and passenger

spaces of the aircraft.

*We also interviewed company represertatives on the telephone
(see References 2.12 and 2.14).
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In 1973z Boeing also considered a 747 passenger aircraft modified

for Luz fuel 2 10). This modified aircraft has a passenger capacity for

369 passengers and a range of 5100 nautical miles. The fuel configuration

for this concept was for LH, within the fuselage in tanks located over the

(2.12) for thelr current views

passenger compartment. Boeing was interviewed
on the use of a modified 747. Boeing no longer considers this to be a
viable concept because of the extensive structural modifications of the
aircraft that are needed. In addition, the 747 utilizes material and aero-
dynamic technologies of the late 1960's. On the other hand, the LH2
aircraft is not expected to develop as a complete transport system until
the early 1990's. Thus, the anticipation of the new technologies that

will be applicable at that time will make any modified 747 aircraft obso-
lete. This argument applies to the other wide body aircraft such as the
Lockheed L-1011 and the McDonnell Douglas DC-10.

2.3 ANTICIPATED MISSION OF A LHEVCOMHERCIAL ATRCRAFT

The primary factors required in the comparative crash fire hazard

analysis are the stored fuel quantities, their location within the air-
craft and their proximity to the passenger compartments, the conditions
of the fuel and the deposition of the fuel system lines in the aircraft,
i.e., power plant feed, loading and vent lines, etc. These factors vary

significantly depending on the type of fuel and the aircraft mission.

To examine the effect of the fuel type, it is desirable to consider
aircraft having the same mission. To do so, we defined first the antici-
pated mission of a LH2 aircraft. The principal mission parameters of a
subsonic commercial aircraft are the passenger capacity, range and speed.

They are discussed below.

2.3.1 Passenger Capacity

The passenger capacity (PAX) establishes the mission payload., It
includes the passengers, their baggage, the crew and whatever is needed

for their sustinance and survivability.

11
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The success of the commercial jet aircraft in the early 1960's brought
about a rapid expansion in passenger service. However, the limited pas-
senger capacity of these aircraft (100 to 200 passengers) resulted in
increased air traffic at airports which subsequently led to traffic con-

gestion and delays in departures and arrivals.

Traffic forecasts prepared by the air carriers in the mid 1960's
indicated the increasing air traffic congestion at airports would be
alleviated by the introduction of commercial transport aircraft of
greater passenger-carrying capacity. It was essential that such aircraft
should not be restricted to operation from those airports with very long
runways. The recognized need led to the development and manufacture of
the Boeing 747, Lockheed L1011 and McDonnell Douglas DC-10. These
aircraft made their debut in 1970-1972 time period and have been in exten-

sive commercial service since that time.

Since their inauguration, the respective manufacturers have built
these aircraft in a number of series to meet a variety of commercial
air service requirements. In general, however, this group of wide-bodied
alrcraft have a nominal capacity of 400 passengers, a range of 2300 to
5000 miles with maxiu..m fuel load, and a cruising speed of Mach 0.82 to
0.85. The studies that have been conducted for the liquid hydrogen
fueled aircraft have been based on this set of requirements, and have

been demonstrated to be logistically viable for a present and future

commercial transport system.

The passenger capacities of commercial jet aircraft have shown an
upward trend since the introduction of the Douglas DC-3 in 1935. This
trend 1s illustrated in Figure 2.1 for a number of typical aircraft in
the 1935-1980 period and with projections to 1985(2'11). The factors
promoting this trend, which include direct operating costs and the
annual market growth in revenue passenger miles, are probably not
reversible. Thus, ihi¢ viability of the liquid hydrogen fuel for com-
mercial aircraft would depend on the comparability of liquid hydrogen
at large (400 or more) PAX capacities.

12
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The Lockheed studies have considered capacities from 400 to 800 PAX,

but most of the detailed analysis and comparison have been for a 400 PAX
g(2'7’2'8) and McDonnell Douglas(z'g) favor 200 and 700 PAX

missions, respectively for the LH2 fueled aircraft.

aircraft. Boein

Based upon the trends, a 400 PAX aircraft is not unreasonable and
may be on the low side in the post 1990-1995 time frame. Further, the
best available design projections are those prepared by Lockheed for a
400 PAX aircraft. These findings suggest that the 400 PAX aircraft is

acceptable for the current study.

2.3.2 Range

Commercial aircraft ranges are classified as short range (less than
2,500 n mi), medium range (between 2,500 and about 4,000 n mi) and long
range (greater than 4,000 n mi). The aircraft size is greatly dependent
upon range because of the direct relationship between the fuel requirements

and range for a given payload.

(2.11)

According to Hage , the passenger aircraft market between 1980 and
1999 will experience a demand for 7,000 aircraft of which 30 percent will

be for medium-range aircraft and 25 percent for long-ranpge aircraft.

The longer the range of an aircraft, the more versatile it is in
the air transportation system. Greater range permits longer flights,
more flexibility to avoid severe weather conditions, and ability to hold
over airports when traffic conditions and/or weather delay landing of
the aircraft. Also, where mechanical failures of an aircraft scheduled
for flight require a replacement aircraft, an alternate with long range
capability is a more probable replacement than one with short range

capability.

Witcofski(2'13)

has shown that range may be an important factor in the
viability of the LH2 aircraft. His comparison of the mission energy con-
sumption of the LH2-fue1ed aircraft with Synjet fueled aircraft shows a
savings of from 2 to 33 percent, with energy savings increasing with

range.

14
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The above arguments serve only to indicate that if the Ll-l2 alrcraft
comes into being, it will probably be designed with a long range capa-
bility. Lockheed has considered aircraft designs with range capabilities
between 1,500 and 10,000 n mi. However, it has concentrated its design
efforts on the 5,500 n mi range aircraft. This appears to be a reasonable

choice at the present stage of development.

2.3.3 Speed

The average speed of subsonic commercial jet aircraft has been in-
creasing very gradually in the last 20 years from about 440 n mi/hr
(DC-8, B-707) to about 470 n mi/hr (B-747, A-300). The latter represents a
Mach no. of about 0.8 at 35,000 ft. altitude. This trend though still
rising probably has an asymptote at Mach 0.9. The choice of Mach 0.85

by Lockheed for the speed of the most favored mission appears reasonable.

2.4 AIRCR'FT SELECTED FOR STUDY

Based on the information presented above, we conclude that:

e Under NASA contracts, Lcckheed has conducted and published the
definitive source material for subsonic aircraft fueled with
LHZ, LCHA and JAF. The studies are the most thorough and com-
prehensive available in which the performance of aircraft designed

for these specific fuels are compared on an identical mission basis.

® Lockheed studied a large rance of aircraft missions. The most
favored and those developed in greatest detail are for aircraft
with 400 passengers with a range of 5500 nautical miles at a
speed of Mach 0.85.

o The most favored aircraft configuration of the LH2 and LCHA fueled
aircraft is with the fuel located in the fuselage, fore and aft
of the passenger compartment. This result was reached independently

by Lockheed, Boeing and Douglas aircraft manufacturers.

@ The second most favored configuration of the LH2 and LCHa fueled
aircraft is with the fuel located in two wing mounted pylons,
i.e., external fuel tanks mounted above the wings. This con-

figuration has a greater similarity to the jet fueled aircraft

15
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configuration for crash hazard analysis than the fuel-in-fuselage

configuration.

o The Lockheed studies are the only ones available in which the LH2
and LCH4 fuel systems are sufficiently detailed for use in the

crash hazards study.

Accordingly, for the purpose of this study, we selected the primary
LHZ,LCH » and JAF fueled aircraft configurations developed by Lockheed
for the 400 passenger, 5500 nautical mile and Mach 0.85 speed, mission.
The main specifications of these ailrcraft are summarized in Tabl~ 2.2,
The main features of their fuel system are described in Appendix A.
Additional description of the entire aircraft are given in References
(2.1 to 2.4 and 2.6).

16
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3. HISTORICAL AIRCRAFT ACCIDENT DATA

3.1 INTRODUCTION

In this section, we present a brief review of historical aircraft

accident data to identify possible characteristics of importance to nur
study. Examples of such characteristics include questions such as: has
a fire always occurred when a large amount of fuel was releaseda? how
frequent are fuel tank explosions in an aircraft engulfed by flames?

how often is the passenger compartment breached thereby exposing the
passengers directly to the flames from a fuel pool fire? what is the
relative susceptibility of various sections of the aircraft where fuel
may be located (such as wing for JAF fuel and fuselage for cryogenic
fuels)? The answers to these questions will be used to guide our hazard

assessment.

In our review of the published literature on accident data, we
found that attention has been placed mainly on identifying various
accident scenarios and their causes. However, some of the questions of
interest to us were not specifically addressed. In the following paragraphs,
we firast review aircraft accident scenarios in general to highlight the
importance of the four generic types that will be addressed in this
program (as specified in the Scope of Work). Secondly, we survey
a number of data sources for their utility to further characterize these

scenarios and answer the questions raised above.

3.2 HISTORICAL TRENDS IN AIRCRAFT ACCIDENTS
In 1979, a fairly detailed study of aircraft fire accidents was

performed by the NATO Advisory Group for Aerospace Research and Develop-
ment (AGARD) 1 - The results presznted in the study are based on an
examination of 1964-1974 civil aircraft statistics in the U.S. and a
ceview of detailed narrative accident reports for each of the accidents.
Furthermore, a number of crosschecks are presented in this study with
results obtained by the Coordinating Research Couacii through a review
of worldwide accident records. In general, acceptable agreement between

the two studies was obtained.
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From the accident data, AGARD identified seven fire scenarios and
ranked them in Table 3.1. Of the scenarios given in Table 3.1, only
No. 1, 2, 3 and 7 are fuel-related. The most important of these
scenarios (Nos. 1 to 3) will be included in our study, with the excep-
tion of the in-flight fuel tank explosion (Scemario 2A). This scenario
may occur when a conventional-fuel, air-breathing tank is hit by lightning.
It is impossible, however, in a properly functioning 182 or LCHA fuel
tank where air is excluded. Scenario No. 7 is not crash-related and is
of little practical importance. Consequently, it is not included in our
study.

Thus, historical accident data support the importance of the accident
scenarios selected for consideration in this program. Additional pertinent
results and conclusions of the AGARD study are:

e Of all civil tramsport accidents and incidents,* approximately,

27% are impact-survivable accideats,

® Of impact survivable fire accidents, approximately 502 result
in fuel release due to wing separation of which approximately
70Z result in subsequent fatality,

@ Based on FAA statistics reported by AGARD (during the 1964-1974
period) 28 U.S. transport aircraft impact survivable fire
accidents occurred. Fire effects resulted in 395 (407) of the
987 fatalities in these accidents.

o Of the 28 accidents, 14 involved wing separation and the resulting
fires and explosions caused 259 fatalities. Thus, fire hazards
as a result of wing separation account for approximately 65Z of

fire-related casualties in impact survivable aircraft.

® Fuel line and tank damage were the only fuel sources in about
40% of the fire accideants; and

*
Incident refers to an event in which a fire resulted in minor damage

or injury, but no fatalities.
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TABLE 3.1

RANKING OF AIRCRAFT FIRE SCENARIOS

(IN DECREASING IMPORTANCE)

Post-Crash Massive Fuel Spill Fire

A. VWing/partial wing separation
B. Major fuel tark damage

Fuel Tank Explosion

A. Inflight
B. Post crash

Post-Crash Small Fuel Spill Fire

A. Minor fuel tank damage
B. Fuel line damage

Cabin Material Fire

A. Inflight
B. Post crash

Propulsion System Fire

A. Non-contained titanium fire
B. Non-contained rotor fragment fire

Landing Gear System Fire

A. Maintenance
B. Inflight

Fuel Tank Explosion

A. Maintenance
B. Refueling
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o Fuel tank explosions occured in 11X of the impact survivable

accidents.

The above statistics answer some of the questions raised earlier
in this section. A key unanswered question is the relative susceptibility
of various aircraft sections to crash impact damage. The seations of
interest are the wings and the fuselage where the fuel is located in
the conventional and cryogenic aircraft, respectively. In the remainder
of this section, we will describe the available accident data files and

our analysis of them to answer this kev question.

3.3 ACCIDENT DATA FILES

We have examined three major sources of aircraft accident data.

These sources are:

3.3.1 Data Files of the Military Air Safety Centers

Data on military aviation accidents are maintained by the air
safety centers. The data are, however, confined to an analysis of
causes and their computer files do not provide even qualitative indi-
cations of the nature of structural damage. The only information on
structure failures maintained by the air safetv center are photographs
which are occasionally filed with the investigative reports. Such infor-
mation would be available only by a manual review of a large volume of
investigation files. Such a review is outside the scope of this program,

but is recommended in future programs.

3.3.2 Airframers Data Base

This data base was developed by airplane manufacturers under NASA
sponsorship i{n connection with a study of the risks presented by the
use of carbon fiber composites in commercial aviation. The aircraft
is divided into 18 components. Based on historical accident data,
estimates are given for the percentage of each of these components
damaged by aircraft fires. Clearly, fire~-induced damages are expected
to be dependent on fuel type. Rather, we are interested in crash-

induced damage, prior to any fuel fire. Thus, the airframers data are

not suitable for our objective.
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3.3,3 NTSB Data Base
This data file contains a description of all reportable civil avia-

tion accidents which occurred from 1964 to 1978. (Reportable accidents
are defined in 49 CFR Part 830.5 as accidents involving death, serious
injury or significant airplane damage as well as any incident involving
flight control malfunction, incapacitation of a required crew member,
turbine engine rotor failure or in flight fire or collision). It
represents the most comprehensive data source available and will be
utilized in this program as described below.
3.4 RELATIVE SUSCEPTIBILITY OF FUEL RELEASE FROM WING-MOUNTED

AND FUSELAGE-MOUNT. > TANKS

In section 2, we defined the most likely aircraft concepts and

configurations for the fuels under consideration in this study. We
anticipate the fuel to be located in the wings for conventional fuel
aircraft and in the fuselage for cryogenic fuels aircraft. The sus-
ceptibility of these two locations to impact forces can affect the

amount of fuel release and the subsequent extent of the hazard.

Determining the relative susceptibility of wings and fuselage
purely from structural analysis considerations is not practical in view
of the expected wide variations and uncertainties in impact conditions.
Counsequently, we chose to infer the results from the data available on

real accidents.

We utilized two sources of data: (1) the detailed analysis of world-
wide accident data conducted by the Coordinating Research Council and
reported by AGARD (4.1) and (2) our own analysis of the National Trans-
portation Safety Board (NTSB) computerized data base. The main features
of these two data sources are given in Table 3.2. Note that each source
provides only a part of the answers we seek. For example, the damage
to the aircraft wings with subsequent fuel release is addressed by AGARD
but not by NTSB. On the other hand, the damage to the fuselage (where
cryogenic fuel tanks will be mounted) is reported by NTSB but not by
AGARD. Accordingly, we combined the data is these two sources to compare

the relative susceptibility of placing the fuel in the wings versus in
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the fuselage. This is described in the following paragraphs.

3.4.1 Data Examined in the NTSB Data File
The NTSB data file contains a wealth of information related to

accident conditions. Table 3.3 gives the NTSB descriptions for each
accident that we will utilize in this study. Note that reporting is
required for some of these descriptions while it is optional for others
(as indicated in Table 3.3). This incompleteness in the data made our
analysis quite difficult.

The data file gives a total of 65,671 accident reports. They
include many accidents (e.g., light aircraft) which are not relevant to
the LH2 ailrcraft hazard analysis. Consequently, we have restricted our
analysis to those accidents which reportedly involved takeoff or landing
operations of heavy turbine-powered aircraft engaged in passenger service,

cargo or ferry operations (630 accidents).

We must also focus on only impact-survivable accidents to analyze
the crash fire hazards of various fuels. However, the NTSB accident
file does not distinguish between impact and fire fatalities. This dis-
tinction has no significant influence on this study since only 36 of the
630 accidents (i.e., = 52) had no survivors. The inclusion of some
fraction of these accidents in the data base would, therefore, result

in a negligible change in the overall statistics.

Of the 630 accidents, we found 79 reporting fires and 82 reporting
a description of the impact damage by aircraft section. These data
are summarized in Table 3.4 for each reference. Note that all numbers

are sufficiently large to provide meaningful estimates.

3,4,2 Fuel Release From Conventional-Fueled Aircraft (AGARD Data)

In 1979, a fairly detailed study of aircraft fire accidents was
conducted by the NATO Advisory Group for Aerospace Research and Develop-
ment (AGARD). This study reported on the results obtained by the
Coordinating Research Council (CRC) on world-wide aircraft accidents
over the period of 1964-1974. The CRC data give a detailed breakdown of
the number of accidents involving fuel release during takeoff and

landing. The data are given in Table 3.5 and indicate the mode of fuel
24
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TABLE_ 3.3

DATA UTILIZED FROM NTSB TAPE

Item Description/Unit Reporting
Extent of overall Destroyed-substantial-minor-none Required

impact damage

Impact damage severity

(non-fire) to: Optional
-- cockpit Extreme-severe-moderate-minor-none
-~ forward cabin "
-- center cabin "
-~ aft cabin "
-- occupied areas "
Fire Yes/No Required
Extent of fire damage Destroyed-substantial-minor-none- Optional
not reported
Stopping distance Feet Optional
Speed at impact MPH Optional
Number of passengers Person Required
Number of fatalities Person Required
Aircraft weight Light/Heavy Required

category

25
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TABLE 3.4

DATA SETS EXAMINED IN THE NTSB FILE

Item

Total reported aircraft accidents

Number of reports involving takeoff or
landing of heavy fixed wing turbine
aircraft

Number involving one or more survivors

Number of survivable accidents involving fire

Number of survivable accidents where damage 1is
reported by aircraft section

26

Number of Reports

65,671

630

594

79

82
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TABLE 3.5

NUMBER OF ACCIDENTS INVOLVING FUEL RELEASE
AND THE OCCURRENCE OF FIRE IN THESE ACCIDENTS

(AGARD DATA) (1964-1974)

Cause of fuel release Occurrence of fire
Yes No
Fuel tank damage only 39 26
Fuel line damage only 7 4
Combined tank and line damage 5 4
Wing separatiom 48 0
%
Total 97

*
AGARD gives a total number of fires (97) slightly smaller than the sum (99) of
the various release modes!
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release (damage to a fuel line or a fuel tank, and wing separation) and
the occurrence of fire.

It is of note that all 48 accidents involving wing separation have
resulted in fires. This is reasonable since the impact energy required
to break a wing is several orders of magnitude larger than that required
to ignite a fuel air mixture. In the accidents involving the other fuel
release modes, the data in Table 3.5 indicate that ignition is likely

but not certain.

It is unfortunate that AGARD did not report the total number of
takeoff and landing accidents frcm which the data in Table 3.5 are ex-
tracted. This can be inferred, trowever, by assuming that the fraction
of fire occurrences in takeoff and landing accidents is the same as
that for the NTSB data file. From Table 3.4, this fraction is 3%% = 0.13.
Thus, the corresponding number of accidents in the AGARD data base is
0?13 = 770 accidents. Therefore, an estimate of the.probability of wing
separation, given a takeoff or landing accident is 7%% = 0.06 or 6%.

3.4.3 Impact-Damage by Aircraft Section (NTSB Data)

As shown in Table 3.3 reporting the overall impact damage to the
aircraft is required by NTSB, while reporting the damage to each section*
of the aircraft is left to the discretion of the NTSB investigator. Con-
sequently, only 82 of the 630 takeoff and landing arcidents contain damage
data by section.

These 82 accidents are not a representative sample since they consist
mainly of severe accidents where reporting is expected to be more thorough.
This fact is supported by the data in Table 3.6,which compares the oversll
aircraft damage severity with the reporting of sectional damage. Note
that the probability (or fraction) of reported sectional damage decreases
as the overall impact to the aircraft decreases. To extrapolate from
the sample to the entire population, tue number of accidents in each
overall-aircraft-impact-damage category was weighted by the inverse of

the corresponding probability of reporting.

*
The aircraft is divided into four sections: cockpit, and forward, center

and aft cabins.
28
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TABLE 3.6

COMPARISON OF OVERALL AIRCRAFT DAMAGE SEVERITY

FOR ACCIDENTS WITH AND WITHOUT REPORTS ON

SECTIONAL DAMAGE (NTSB DATA)

OVERALL-AIRCRAFT

REPORTED SECTICNAL DAMAGE ,

UNREPORTED SECTIONAL DAMAGE,

IMPACT-DAMAGE CATEGORY No. of Accidents Fraction No. of Accidents Fraction
Destroyed 44 0.44 56 0.56
Substantial 30 0.12 223 0.88
Minor 7 0.03 207 0.97
None 1 0.02 61 0.98
Unknown 0 0 1 1.00

Total 82 548

*
Fraction of the total number of accidents in the same overall-aircraft-

impact-damage category
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When reported, the extent of damage to each section is described
in a qualitative fashion as "extreme, severe, moderate, minor or none".*
But these terms are not well defined by the NTSB and are thus left largely
at the discretion of the accident investigators. Based on conversations
with NTSB personnel; we can confidently state that a rating of "extreme"
denotes extensive structural damage, i.e., a likely breach of aircraft
integrity; while "minor" denotes no significant damage to the aircraft
structure. The intermediate categories are less clear, however. To
mitigate this difficulty, we assumed two definitions of breach of
integrity corresponding to "extreme" and "extreme or severe". The second
definition is conservative and places an upper bound of the probability

estimate of breach of integrity.

We counted the number of accidents in the NTSB data sample which
correspond to these two definitions and translated them into a probability
estimate of damage given a takeoff or landing accident. ‘the results are
shown in Table 3.7 for all possible combinations of damage to the cockpit,
forward, center and aft cabins. Note that not all combinations of damage

have occurred so far. The results will be further discussed below.

3.4.4 Susceptibility of Impact-Damage to Fugelage-Mounted Tanks (NTSB Data)

Since LHZ or LCHa would be stored in two tanks located in the forward

and aft areas respectively, the following three release modes are possible:

® Release from forward tank alone,

® Release from aft tank alone,

¢ Simultaneous relea‘e from both tanks.

These distinctions are important becaus«< they imply different volumes
of fuel spillage as well as different spill locations with respect to the
passenger compartment. Also, release and ignition of fuel from one tank
may impact the other tank.

The occurrence rates of these three fuel release modes can be estimated
from the observed damage levels of the individual aircraft sections in
Table 3.7.

*
Note that these terms are different from those used in Table 3.6 to

describe overall impact damage to the aircraft.
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In particular, sirce the fuel tank locations proposed for the Lﬂz

or LCH4 aircraft approximately coincide with the forward and aft cabin
areas of a conventional aircraft, the probability of siq*ificant danage
to these areas can be used to approximate release from these tanks. The

results are given in Table 3.8.

3,4,5 Comwparison of the Probability of Massive Fuel Release from
Fuselage-Mounted and Wing-Mounted Tanks

In the last section, we estimated the probability of breaching the

fuselage in takeoff or landing accidents of heavy aircraft. This esvimate
is only approximat. since it is based on the subjective evaluation data of
the NTSB investigator; and on an extrapolation from an 82-record sample

to a population of 630 records. Still, it represents the best available
nstimate of a potential massive fuel release from a fuselage-mounted tank.
This estimate is in the neighborhood of 0.08 with an upper bound* of 0.17
(from Table 3.8).

We have also estimated (in Section 3.3.2) the probability of wing
separation to be about 0.06. This number is also approximate since
it is based on the combination of two separate data bases. In view
of the uncertainties in our two estimates, we conclude that the
probability of a massive fuel release (based on an analysis of historical

data) is essentially the same for both types of fuel tanks.

14
3.5 CCNCLUSIONS !

Our review of studies of historical aircraft accidents confirmed
the importance of the crash fire scenarios selected for study in this
project. In addition, our review of actual accident data file suggests
that the fuselage and the wing are equally vulnerable to impact forces.
Thus, for the purpose of comparative crash fire hazard analysis, we
can assume that for given accident conditicns, the total content of a
fvel tank will be released regardless of the location of the fuél -
tank,

*Which is based on a more conservative definition of fuselage damage.
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TABLE 3.8

ESTIMATED PROBABILITIES FOR BREACHING
FUSELAGE-MOUNTED TANKS (NTSB DATA)

*
tategories in Table 3.7 Probability Estimate

Forward tan' only 2, 6, 10, 13 0.03 - 0.03
Aft tank only 4, 7, 12, 14 0 -0.03
Both forward and aft tanks 1, 3, 9, 11 0.04 - 0.11
Either forward or aft tank All of the above 0.08 - 0.17

%
Probability given a takeoff or landing accident. The two values
correspond to the two damage definitions described above.
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4. CHARACTERIZATION OF FUEL RELEASE CONDITIONS

In the statement of work , NASA outlined four accident scenarios to
be examined in this study:
1. A nonnormal landing or ground accident which results in
fuel system insulation damage and/or fuel system damage
permitting liquid hydrogen to vent, escape, leak or run

out of a punctured tank or bruken line.

2. A survivable "crash" landing or failed '"takeoff" where
damage to fuel tankage or lines results in massive re-
lease of liquid hydrogen after the aircraft has come to

rest.

3. A survivable "crash" landing or failed "takeoff' where
damage to fuel tankage or lines results in massive
release of liquid hydrogen upon impact and during air-

craft deceleration.

4. A catastrophic crash resulting in the maximum rate of
energy release in the form of a conflagration and/or

explosion.

In this section, we identify, based on engineering judgrment, specific
aircraft failure modes that can be associated with thesce scenarios. We
can then characterize the fuel release conditions for each failure mode.
This provides the range of fuel release to be expected in each scenario

and for each aircraft type.

We have also assessed in a qualitative way the likelihood of each

failure mode for each aircraft system. This likelihood can vary
significantly and should be noted when comparing the hazard from each

aircraft system.

4.1 POSTULATED FAILURE MODES/EVENTS

Based on engineering judgement, we have identified eight failure

modes/events that mav lead to fuel release.

1. Vibration: Stress fatigue of the tanks and lines and their

connections and supports, causing fracture of the tanks and lines

and loosening of their connections, with the result that fuel is

34
Arthur D Little Inc



released at a rate related to the size of the opening and pressure

within the containment.

2. Strained Maneuver: Overstressing of the tanks and lines and

their connections and supports producing a breach in the contain-

ment similar to that caused by vibration.

3. Engine Burst: Breaching of the lines and tanks by failed engine

components, such as turbine blades shed bv the high rpm machinery

in a radial direction.

4. Sheared Engine Pod: Broken or sheared fuel lines caused by the

loss of engines, i.e., as when landing gear failure causes engines

to strike the ground.

3. Failed Thermal Insulation: The LH, and LCH, fuel tanks and

lines must be thermally insulated. Insulation failure causes

excessive gus generation that can cause pressure failure of the
tank. Insulation failure on the lines will interrupt the fuel flow

to the engine.

6. Sheared Wing: Wing tank lines are breached when the wing is

sheared from the fuselage by ground obstructions. The fuselage

remains intact.

7. Broken Fuselage: Fuselage tanks and lines are breached by

impact of the fuselage with the ground or obstruction. The wings

remain intact.

8. Fragmented Aircraft: All fuel tanks and lines are breached

regardless of their location in the aircraft.
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These failure modes/events can all cause a line or a tank rupture
leading to a fuel release as illustrated in Table 4.1. (In addition,
insulation failure of a cryogenic system can lead to direct venting of
gas or liquid). MHowever, the probable number of fuel systems affected
in each case and its relative likelihood are differen.. This is shown
in Table 4,2, where likelihood is assessed qualitatively (based on engin-
eering judgment) and is denoted by O = Nfl, L = Low, M = Med{um, H = High and
1 = Certain., Note that each failure mode/event mav have the same effect
for the LH2 and LCHA methane fuel systems, but a different effect for
the Jet A fuel system. This is due principally to the location of the
LH2 and LCH, fuel tanks within the fuselage, and to their special

construction.

For example, Table 4.2 shows that an engine burst is expected not
to damage the cryogenic fuel tanks but to damage the Jet A fuel tanks.
Further, the Jet A fuel tanks are not thermally insulated and, therefore,
cannot fail because of a failed insulation. On the other hand, a
fragmented aircraft has a high probability of causing all three fuel
systems to fail completely. Thus, Table 4.2 is an attempt to establish
the relative susceptibility of the three types of fuel systems to the

same failure modes or events.

4.2 FUEL RELEASE RATES AND QUANTITIES

When a fuel system failure occurs, the rate of release depends
upon the location and size of the breach and on the fuel pressure. For
example, a severed fuel line at the outboard engines has a limited
release rate. On the other hand, a badly ruptured tank can dump its

fuel load very quickly.

In Appendix A, we present a detailed discription of the fuel tanks
for LHZ' LCHa and Jet fuel aircraft, including the tank size and number,
booster pumps, flow rates and the line sizes and pressures. We also
estimate the fuel release rates for various locations of the breaks in the
piping and various penetration sizes in the fuel tank. The results are
described in detail in Appendix A. The results of Appendix A are
summarized in Table 4.3 for the eight failure modes/events. Note that,

for a single failure mode, the fuel flow rates can vary significantly

36

Arthur D1ttle Inc



s)yuej pue Sauj paanidny

yue| paunidny
(s)auiq paanidny

(s)yuey paunidny
(s)aurq paunidny

(s)xue]l paanidny

(s)autq paanidny

paa4 auibuj j0 S$S07

wa3sAg 42113y ybnouyl pajuap pinbi pue seg

(s)auiq paanidny

(s)quey paanidny
3uL paunidny

SUOL3J9UUOY) Nue] puR AULT] UINOUY
jyuey pauanidny
aul] pasnidny

SUO|3J3UUO) Yue| pue BULT LdNOUQ
yue| paunidny
aulq pauanidny

J¥NTIVY WILSAS 13N3 3781SS0d 30 NOIL4IYIS3A

3404041y pajudwbed
abe|asng uayoug

(s)buLm paseays

U 13eNSU] aulq pue
suey Pyy7 pue Sy pajrey

(s)pod autbuj paueays

s3|1323fo4y apelg
3uLQun| S33043UdY 3S4ng duLbuj

JaAN3uRY pauLeJls

uo13RUQLA

INIA3/300W UNTIVS

ISY3IT1IY 13N NI ONILINSIY SIN3IAI ONY >3IA0W 3dNTIV4

1'y 319Vl

"1

37

Arthur D Little Inc.



L/p
(g)H/2
Wiz

W/e
H/L
/1
4!

(s)yuey

“‘M07 = T CLIN = 0

L/t
H/L
H/L
0
L/
1
/1
/1

uMoOUNUN 333333

abegasny ur s)yuel |any

‘yues Y497 ay3 so0 uorje(nsur aueyizaunkiod 13D pasgld
Yl ueYy] [ QRUBUINA Du0W S| YO{YM wAISAS dudydsoudLw sse(b pajeinsul wnndea e S, UOLIe|NSUL Yue) SHI

"Upe3Ud) = | puR ‘YbiY = H ‘wnipaW = W

:Pa4UNIO0 JUBAS Ayl IBY} UAA LG POOYL(3NL| 413yl AQ pamo||0j IJUIAS/3pOwW aunLey
3yl 03 aNp [Lej 03 Pa3dadxd IJe IPY] SWIISAS |INy SO J43QUNU PAIRWLISd Iyl IIILPUL SI|QeT UL S|OQUAS

L/t
H/2Z
é
1/2
0
0
W/e
W/e

(s)3ury  (S)uer

L/v L/
H/2 H/2
L/2 ¢
/1L H/e
L/2 0
1/t 0
W/L W/e
W/l W/2
(sYauil  (s)yuey,

(¢)
(€)

(2)

(1)

L/t 1jeadaly pajuawbedy g
H/2 abeasny uayoug °¢/
L/2 buim pauedys -9
1/1 (z)UCHIBLNSUT LeWIdYY p3Ltes 7§
L/2 spod autbuj paseays ¢
/1 3sang aubuy ¢
:: JBANBURYK PRULRAIS 2
W/l uojledqip |
(sYaun IN3A37300W 33n11V4

Y 330

(1

vvmuommmq Wa3sSAg |an4 30 sjuauoduo)

GOOHIT3XIT YI3HL GNY SW3LSAS 13N G31I344Y 40 YIGWNN

378vY804d 3HL SNSY3A SIN3IAI/S3I00W Juniiv4
z'%7 318Vl

Arthur D Little Inc.

38



*9se3(d4 jue3 03 padedwod

‘paezey 3yj uod 3295423 31qibL(hau e sey asea(ad aul7

*(-22s/q1 000l ueyl u43leaub) aue|d 8yl 40 JUIIUOD 3Ny BULIUI Y} 4O 3SLA|AJ4 SNOURIURYSU]
- S33NULW M3 B 03 dn UL PasSea|dd S| JUIJUOD NUB DduLIuj

JO jLey 303440 ued / pue g

*SwWa3SAS |any 3JBUDALR BYJ 40 [|@ SID3jse g Isne)
‘wa3SAS |any 3jeudJLe BY} 40 jley 32344 G pue

‘uMouNUN St 333343

*{anj 40 qL 000°‘8y suiejuod yue3 abejasng
‘ysea |any q Q00°0L uLeuod sbuiy

‘juel 3yl 40 UOLIBZLUNSSAAdUIAO 3SNED URD UOLIR|NSUL CHT 3Y3 40 dunjiey
*SwWa)sSAS |any 3jedaddLe Ayl jo ||e

‘2“1 sasne)

"S3ul| PaUIAS UNO4 0} AUO 404 SI}eJ AUl

"3Ul| (N4 BUO 40 BAJE MO|J 3yj 0} eaJe UL JUI|RALND3 ‘@dunjdund e 404 S3jed juej
‘y36ua| U3 eALND3 3994 (E Pue OGE 403 au4e 3ieudute PH)] pue CHT 404 sajes auLT

*28S/q| UL SSO| [3anj 30 33bu Judsaudas a|qel ul San|ep

I N I N 1 N
vau N 3 or-1Lt 3 9i-v
Amvu N é 02-01 ¢ L=y

0 0 0 0 Amvu-o p-€° 1

0 08-61 0 vl-p 0 G-¢°1

S 6l 0 Lt-v 0 r-£°1

S 6l 8 LL-v e p-€° 1

S 6L 8 LL-v 2 p-€°1L

[GETT] (s)aur7  (S)wueL (Sjau7  (s)yuer (G
‘ql 000°£8L ‘v 33 ‘gl 000°2S1 .exuq “ql 000°95 “CHT

29s5/q| “sajey asea|ay wd3sAs [an4

S3ILVY 3ISV3IT3IY T3INd 40 SILYWILS3

ONIONOJS3¥Y¥0D 3HL ANV SIN3A3/S300W 3dNTIV4

¢y 3189YL

140404}y pojudwbed 4y
abejasny uayoug

(s)buim paaeays
uotle|nsul |ewuadayy pafiey
AevAmvvom auLbu3 pauseays
Am.mvumgam auibujl
J49AN3URY pauLeJIS
uotleuqia

(€°2)
(£2)

(N)

(1)
(3)
(&)
(8)
(L)
(9)

(s)
(v)
(€)
(2)
(v

. .

PNM@U';\DI\Q

NIV W3LSAS 1304
30 3SNYI AYVKIYd

Arthur Dl.ittle Inc.

39



among the three aircraft systems. For example, sheared wings is likely
to lead to a small release for the cryogenic aircraft; while it may lead
to a massive release for Jet A aircraft. Thus, sheared wings should be
associated with scenario 1 for the cryogenic aircraft, and with scenario
2 (or 3) for the Jet A aircraft. This point should be remembered in com-
paring the crash hazards of the two types of systems.

Finally, in Table 4.4, we associate each of the four accident
scenarios with a number of failure modes and events, and show the basis
for the calculation of the fuel release rate or quantity in each case.
The duration of these fuel releases will be assumed continuous for
small leaks and over a period of up to a few minutes for scenarios 2
and 3. These results will be used as input for the fire hazard analyses

presented in thez following chapters.
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5. QUALITATIVE DISCUSSION OF POTENTIAL HAZARDS

In this section, we consider the four generic accident scenarios
delineated by NASA in our Statement of Work and discuss the physical
processes occurring during the progression of events in the accident
scenario. The major hazard models used in the detailed analysis and

comparison are presented in Sections 6 and 7.

5.1 MINOR FUEL RELEASE

Minor Fuel tank or line damage can occur during take-off roll or

landing approach due to landing gear failure or impact with obstacles
as a result of insufficient directional control. Such an accident
may result in the fuel leaking to the outside of the aircraft or to

an internal compartment. These two cases are considered below.

5.1.1 Minor Release to the Aircraft Exterior

Consider a small liquid fuel leak from a moving aircraft. The
fuel will exit as a jet and the liquid air interface will break down
into droplets due to shear forces. A two-phase vapor-aerosol* jet
will be formed. The conditions for the formation of aerosols, their
size distribution or even the source strength (in kg/s) of fuel release
may not oe very easy to evaluate unless the leak flow rate is externally

controlled such as by a fuel pump.

As air is entrained into this jet, the droplets will evaporate.
Evaporation will depend on the volatility of the fuel, being fastest
for hydrogen and slowest for Jet A. Models are available for droplet
evapor?;ii? and can be readily applied once the droplet diameter is
known.

A vapor-aerosol mixture is a two-phase mixture where the liquid phase
is concentrated in the form of droplets that are too small to settle
out. The droplets are entrained in the vapor phase and therefore

increase the mixture density significantly.
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If this jet ignites,* a flame will develop and may attach itself
to the aircraft or blow away, depending on the aircraft speed and the

(.1 Analytical models and

flowfield near the region of fuel release.
experimental data exist for describing the characteristics of an
attached jet fire given the strength of the source and the type of fuel.
These characteristics include flame diameter, length and tem)erature

distribution. (5.2)

The thermal radiation from such fires can also be calculated using
available models. For example, Becker (.3) has recently presented a
methodology for calculating the radiation from natural gas flare fires.
Tan (5.4) has given monographs for flare stack design taking into con-

sideration the thermal riadiative effects.

5.1.2 Internal Release

A small fuel release into an internal compartment of the aircraft
may perhaps be more hazardous than a release to the external environment.
The released fuel will evaporate relatively slowly in the case of Jet A
and rather rapidly in the case of LCH4 and LHZ' There are two main
potential hazards from such leaks: explosions and thermal shock (when

a cryogenic fuel comes in contact with an uninsulated metallic structure).

For a given fuel release into an internal compartment, it is
possible to estimate with available models the evaporation rate, the
mixing rate of vapors with air and, if there is ignition, the explosive
yield. It will be difficult, however, to determine whether simple
deflagrative burning will occur or whether detonation will ensue. While
both types of combustion of vapors may pose a threat to the passengers,
detonation will probably pose the greaiest threat. The presently available
models are not adequate to specify the exact conditions under which
detonation will result. (The propensity for detonation will be enhanced
by structures in the hold, additional confinement and the nature of the

ignition source.)

*
Potential ignition sources include hot engine surfaces, friction

sparks or hot brakes.
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3.2 MASSIVE FUEL RELEASE WITH AIRCRAFT AT REST

In this accident scenario, wing separation or major fuel system

damage is assumed to occur, due to impact with an obstacle late in
landing roll or during the final deceleration of a comparatively minor
crash. A typical scenario might be a collision with an obstacle as

a result of loss of directional control subsequent to landing gear

failure.

A massive fuel release is asgsumed after the aircraft has come to
rest. The fuel will spread on the ground and boil in the case of cryo-
genic fuels (LH2 and LCH4); spread and evaporate in the case of Jet A.
Also, in the case of LHZ’ because of the higher than ambient tank
pressure, some flashing of liquid to vapor will occur. The extent of
liquid spread on the ground, and the total vapor liberation have been
recently modeled.(s's)

Should ignition occur, a turbulent diffusion-controlled pool fire
will result. The height of this flame has been modeled by Thomas (for
low Froude Number (5'6); and the resulting thermal radiation field

by Raj.(5'7)

The pool fire will engulf the aircraft thereby possibly threatening
adjacent fuel tanks. After sufficient heating by the pool fire, these
tanks can explode. !"‘on explosion of a fuel tank, its contents may burn

5.8
in a rising fireball. Fireballs have been modeled by Fay and Lewis .8)

and Hardee et al. (5.9)

Should ignition be delayed, the vapors generated from a cryogenic
fuel pool, will disperse in the wind forming a vapor cloud. It is
critical to determine whether the cloud is initially negatively buoyant
and the distance it will travel before becoming positively buoyant. Once
the cloud is positively buoyant, it will rise and the hazard will
essentially dissipate.

At saturation, LCHA vapor is heavier than air and gravitational
spreading effects are noticeable in larger releases. If aerorol is
formed, the dispersing cloud will be even more negatively buoyant and

is likely to disperse at grade.
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Saturated LH2 vapor is about the same density as air and, if
heated, can become positively buoyant. Again, if aerosol is formed,
the dispersing cloud may be negatively buoyant. This is also true of
a dispersing aerosol cloud of JAF.

In one large scale spill test of liquid hydrogen, conducted by ADL
in 1960, a long (fog) cloud was seen to disperse at ground level and
no plume rise was observed. This issue is being further investigated by
NASA (Langley). In addition, a number of experimental research programs
are presently under way to generate a better understanding of the dis-
persion behavior of various heavier-than-air-vapors. These programs
include: (1) the liquefied natural gas (LNG) dispersion tests at the
Naval Weapons Center, China Lake, California, for the U.S. Department
of Energy; (ii) the ammonia spill tests at the above location for the
Fertilizer Institute and the U.S. Coast Guard; (iii) the Porton Down
tests in England involving the instantaneous release of Freon; (iv) the
(proposed) heavy zas dispersion trials on behalf of the Health and
Safety Executive of the British Government and other participants; and
(v) the LNG spill tests conducted by Shell UK Ltd. on Maplin Sands,
England. These tests are all in various phases of development. In
many cases, the data are unavailable or they have not been analyzed as

yet.

There are several models in the literature describing the dispersion
behavior of heavier-than-air gases under a wide rarge of conditions.
Models which discuss the dispersion of vapors released passively (as

from a boiling pool of 1iquid) include Germeles and Drake, (5.10)

Van Ulden, (5.11) Britcer, (5.12) and Colenbrander. (3.13) Recently, a
model has been developed for the dispersion of heavy gases containing

(5.14) There

unstable aerosols released from stacks of various heights.
are also models in the air pollution literature dealing with release

of neutral and positively buoyant vapors from stacks.

In general, the dispersion of vapors in the far-field (after

sufficient dilution) can be predicted with reascnable accuracy by the

L] 5 *
standard Gaussian models of Pasquill (5.13) and Giffcrd-(5 16) However,
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in the near-field, these models have to be modified to take into account
the effects of initial gravitational spreading, jet mixirg or the effects

of aerosol evaporation.

Should the dispersing flammable plume encounter an ignition source
a vapor cloud fire will occur. Recent large scale experiments on the
ignition of liquefied natural gas and propane vapor clouds produced a
highly turbulent deflagrative burning. (5.17) Other field experiments
have also indicated similar behavior in which the flame speed is in the

(5.18)

10 m/s to 20 m/s range. However, small scale laboratory tests

conducted with obstructions in the path of an advancing fire indicate
significant flame accelerations up to about 100 m/s. (5.19) In the
latter case, significant overpressures may result with the potential of

blast-induced damage to the surroundings.

5.3 MASSIVE RELEASE WITH AIRCRAFT IN MOTION

This accident scenario may oc 1r due to aircraft overshootine an
approach or colliding with obstacle3 during take-off. 1Its importance

was noted in the AGARD study, while fuel release with the aircraft at
rest was not noted by AGARD. They can both be tnought of as occurring
ducing the same accident, however, since part of the fuel may be released

while the aircraft is in motion and the rest after the aircraft stops.

Accidert data show that collision may cause the separation of one
wing, both wings, or structural damage of one wing followe" by separation
of the other wing. Air shear results in the formation of o mist of
fuel droplets which are readily ignited and which provide an ignition
source for subsequently released fuel. The period between initizl fuel
release and aircraft coming to rest may be up to 10 seconds. Ignition
sources include hot engine surfaces, internal engine fire, severed

viectrical wiring, friction sparks, or hot brakes.

To our knowledge, this fire scenario has not been modeled as yet.
However, its modeling appears feasible based on current krnowledge. The
fire produced can be thought of as a combination of the two types of
fires described in the previous two scenarios. Part of the released

fuel will burn as a spray (like in Scenario No. 1), while the rest will
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fall on the ground as a liquid stream and will burn somewhat like a
pool fire (Scemario No. 2).

The geometry of the liquid stream will be determined bty the fuel
release rate, the aircraft motion, the liquid spread rate due to gravi-
tational forces, and its rate of consumption in the fire. As the liquid
spreads, it will evaporate due to heat transfer from the fire and from
the warmer ground (for cryogenic fuels only). The vapors will mix with

air and burn a turbulent diffusion-controlled flame.

The relative sizes of the gpray and stream fires will depend on the
rate of fuel release an: the aircraft speed. The spray fire is expected
to impact the aircraft, while the stream fire will impact the crash site.
Accordingly, the relative importance of these two fires will depend

greatly on local conditions.

5.4 CATASTROPHIC CRASH

The final scenario considers a very severe crash resulting in an

instantaneous release of all the fuel tanks' contents. Such a release

is possitle if the 2ircraft impacts, for example, a mountain or falls to
the ground because of complete loss of power. In such cases, the hazard
to the passengers may be more from the mechanical impact rather than from
the subsequent fire. Therefore, the concern in the above release scenario

is for people and structures in the area surrounding the crash site.

When an aircraft rams into a mountain or the ground, the impact
energy causes the aircraft structures to deform. The fuel tanks may be
compressed in such an accident, resulting in the rapid squirting of all
of the fuel into the atmosphere, essentially in the form of a fine spray.
Clearly, bydraulic ramming also contributes to the formation of this

spray.

The impact energy also provides the ignition source for the spray.

The spray burns in a fireball whose size and rate of rise can be calculated

using existing fireball models. (5.7, 5.8)
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In this scenario, the energy release rate may be sufficiently
high to produce a blast wave with damaging overpressures at distances
away from the crash site. The blast wave characteristics can best be

(5:20) 1446 approach is particularly

modeled by a TNT-equivalent approach.
successful in predicting far-field effects which is the region of most

interest to bound the extent of the damage area.

Over the years, TNT yield factors have been estimated for accidental
explosions. This is done by estimating the amount of fuel released and
the strength of the blast from the observed damage. Clearly such esti-
mates are subject to large uncertainties. Stiil, they provide the best
indication of what happens in real life.

Table 5.1 summarizes probably the most complete listing (5.21) of

major, well-documented incidents involving vapor cloud explosions that
has been compiled to date. Each line entry in Table 5.1 includes esti-
mates of the amount of.flammable gas or liquid released, the TNT equi-
valent charge, and the yield factor. Note that the yield factor is
below one percent for half of the incidents and below 10 percent for 17
of the 22 incidents. Still the entire range of yields is 0.06 to 65
percent covering three orders of magnitude. Much of this variability
may be due to the volume of fuel in the vapor cloud which actually is

in the flammable range.

In addition, we present in Table 5.2 a second compilation of TNT
yield factors reported in the literature. Section A of Table 5.2
prevides general recommended values based onreviews of research tests,
theories and the accidental data presented in Table 5.1. Section B pro-
vides the data reported for hydroger only. Note that the range of yield

data is also very broad.

Based on Table 5.] and 5.2, it is evident that the yield can vary
significantly depending on the specific conditions of the release and
the explosion. Furthermore, the available data is not sufficient to
differentiate with confidence between the four fuels of interest to

this program.
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The yield factor can be though of as the product of two fractions

n1 and n2:

where

o= the fraction of the total fuel release ttat is
within the flammable range. This fraction depends
on the fuel properties and the release conditions
which affect the evaporation and mixing of the fuel

and air; and on the width of the flammable range; and

n, = the fraction of the lower heat of combustion (of
the fuel in the flammable range) that is transmitted
to the blast.

Since n, can vary depending on the release and combustion conditioms,
a whole range of yield factors is expected for the same fuel. This

explains the large variations observed in Tables 5.1 and 5.2,

The greatest variability from scenario to scenario is expected in
the value °f'H3 which is highly dependent on the release conditionms.
However, values for Nys the fraction of the heat of combustion that is
available as blast energy, can be estimated on a comparative basis
for the fuels of interest if we assume that an ideal Chapman-Jouquet

detonation occurs.

(5.24)

Thus, following Eichler and Napadensky, the available

hydrodynamic energy per unit mass of mixture can be computed as:

Bg = WHEL - E) (5.1)

where
Ve
W = Pdv = Expansion energy (5.2)
vcj
= 1/2 u2 = Kinetic ener
EKE ey gy (5.3)
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) = Detonation

By = 1/2 (ch B (v, - v,
comprassion energy

3 (5.4)

where
P = Pressure
v = Specific volume
u = Gas velocity

and the subscript o and cj denote the initial Chapman=- Jouguet detonation

conditions, respectively.

This formulation is useful because it does not depend on empirical
data such as final cloud size and can be readily computed since the
detonation state does not vary as it propagates. Assuming perfect
gas behavior of the explosion products with constant specific heat

ratio (v), and an isentropic expansion, we have:

Pom Peylvgy/w) .
and, therefore, —_ -
chvcj e (v-1) /v )
. Yy-~1 . ‘Itj- .
L J d

The results are presented in Table 5.5 for mixtures of hydrog:a/
air, methane/air and gasoline/air covering the detonable range for each
fuel. Note that for each fuel Ell can vary substantially (up to 80
percent for Hz) depending on the fuel concentration in the cloud.
Furthermore, EH varies from fuel to fuel. On the other hand, n, varies
little between the three fuels and over their detonable range (maximum

variation = 15 percent).
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In addition, our numerical results show that the terms EKE and ED
are each approximately equal to 20% of EH
Equation (5.1) cancel out. Thus, the available hydrodynamic energy (EH)
is approximately equal to the isentropic work of expansion. This finding

is consistent with the results of an independent theoretical analysis of
(5.30)

and their contributions to

the blast wave from a pressurized sphere by Strehlow.

Because of the weak variation ii Ny» the above analysis does not
essentially differentiate between the blast hazard associated with the
three fuels. Still, it provides an upper bound on the values of the
yield factor for well mixed vapor clouds. This upper bound (near 65
percent of the lower heat of combustion) is needed to calculate a
conservative upper bound on the blast. It is interesting to note that
the highest volume for n, in Table 5.3 is the same as the highest yield
reported by Gugan for a propane accident (in Table 5.1), namely 65%.

5.5 PAZARD SCENARIOS FOR COMPARATIVE ANALYSIS

In the preceding paragraphs, we described the physical processes
that might take place after a fuel release. Clearly, some of these
processes are mutually exclusive. For example, ignition upon impact

will preempt the dispersion of a vapor cloud.

Under crash accident conditions involving large fuel releases, we
believe that ignition is very likely. This is due to the presence of
a number of potential ignition sources such as the engine and its hot
surfaces, the hot brakes, the sparks and hot surfaces produced by fric-
tion during impact and the possible exposure and shorting of electrical

cables.

Thus, we do not belie.- a comparison between fuels with respect
to vapor dispersion and subsequent delayed ignition is necessary.
While delayed ignition is a possibility for smaller fuel releases,
downwind dispersion hazard zones for such spills are not very great.
Furthermore, there is much uncertainty at present in available disper-

sion models for LCHa spills and even more uncertsinty in models for
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LH2 vapor dispersion. Thus, comparisons will be unreliable in any case
until more experimental spill tests are conducted to allow improvement

or verification of existing models.

The uncertainty in predicting dispersion behavior carries over to
the problem of predicting potentlal blast effects in unconfined or
partially confined fuel vapor clouds. The amount of fucl in the flammable
range in a particular accident scenario is highly dependent on the
release conditions and post-release dispersion. The variability in

these factors are so great that they would over-ride fucl-specific

factors.

Thus, the remaining significant scenarios where comparisons among
LBZ, LCHa and JAF can be made, involve pool fires (from either continuous
or instantaneous releases of fuel) and fireballs which are associated

with catastrophic crashes. The next two sections address these effects

in more detail.
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6. FIREBALL HAZARDS

Under the catastrophic crash scenario (No. 4), we cornsider a very
severe accident such as mid-air collision or an aircraft impacting
a mountain or falling precipitously to ground (due to loss of power).
Under these conditions, the impact energy causes the aircraft structure
to deform. The fuel tanks may be compressed, resulting in the rapid
squirting of all of the fuel into the atmosphere, essentially in the
form of a fine spray. Clearly, hydraulic ramming also cortributes to the
formation of this spray. The impact energy also provides the ignition

source for the spray. The spray burns in a fireball that expands as it

rises in the sky.

In this section, we quantify the thermal hazards from such fireballs
to people in the vicinity, of the accident location such as bystanders, or
emergency crew. (The passengers can be assumed not to survive such a
catastrophic crash). First, we present a simple model to determine the
fireball size, duration and rise above ground. Secondly, we review the
pertinent thermal radiation data reported in the literature and develop
radiation models for LHZ’ LCHA and jet fuel fires. Final, we estimate
the radiation hazard zone surrounding a fireball for a range of fuel

release volumes.

6.1 FIREBALL MODEL

Fireballs have been studied experimentally by a number of in-

vestigatoxs.(Refs' 6.1 to 6.4) They released various types and amounts

of fuel, ignited it and measured the fireball diameter and duration.
Their results have all yielded relationships of the following form:

Diameter = C; (Mass)"™ (6.1)
Fire Duration = C, (Mass)™ (6.2)

Where n = 1/3
m = 1/6 to 1/3

and the C's are constants.
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6.3
Of these references, only Fay ( )presented a theoretical analysis
that can be used to examine the effects of the thermodynamic and combustion
properties of the fuels under consideration. His model will be briefly

summarized below and applied to the conditions of this study.

Fay assumed that the firebail behaves as an unsteady, self-similar,
turbulent, diffusion flame. Buyoyancy forces induce mixing of ambient air
with the released fuel, promoting combustion which ultimately consumes
the initial fuel charge (See Figure 6.1)

Using the equations of conser—ation of mass and momemtum, a simple
entrainment model and the assumption of ideal gas, he determined the gross
flame characteristics within two empirical constraints: B = entrainment
coefficient (= 0.3) and ¢ = equivalence ratio. According to his model:
The maximum height of the fireball is:

.- L[yt 6.3)
B \é4n
The maximum fire diameter is:
D = 28z (6.4)
The fire dvration is:
1/2
O I L TR 6.3
8 pa'pp l
and the final fireball volume is:
v o|me + 4,76 (4n + m)\_ Ta Vg (6.6)
4o ’ Ty
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FIGURE 6.1: FIREBALL MODEL
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Where density

m ©
i

= acceleration of gravity
n,m = numberes £ atoms in a Cn Hm hydrocarbon

T = temperature

and the subscripts a, p, r, f denote air, products of combustion, reac-

tants and gaseous fuel, respectively.

It is noteworthy that this model predicts the functional relation-
ships determined experimentally (Eqs. (6.1) and (6.2).) Assuming a
stoichometri: mixture ($=1), we applied this model to LHZ’ LCH4 and
conventional fuel releases. The results are shown parametrically in
Figure 6.2 for a range of liquid volume releases (Vz) corresponding to
various fuel loadings in the aircraft at the time of the accident. Note
that as Vz increases: D, Z and t all increase which is reasonable.
Furthermore, LH2 fireballs are smaller, of shorter duration and lower
rise height than those of hydrocarbon fuels. This result can be at-
tributed to the need for a smaller volume of entrained combustion a -

for LHz, than for hydrocarbon fuels of equivalent chemical energy.

6.’ THERMAL RADIATION MODELS

Little thermal radiation data have been obtained directly for

fireballs (6.1 - 6.4) However, numerous data have been obtained for steady,

turbulent, buoyancy -driven diffusion flames over pool fires. Since a fire-
ball can be considered the unsteady analogue of a poo. fire. we can assume

that the radiation characteristics of the two flames are similar.

A comprehensive compilation of the radiation characteristics of
turbulent diffusion flames for large scale fires are given in Table 6.1.
For each source we give a brief description of the experiment, the
fire diameter, the fuel used, the radiation temperature, the emissive
power (E), the fraction of the lower heat of combustion that is radiated (n),
the extinction coefficient (k) and our comments on the work. The ranges

of the values reported in Table 6.1 are summarized in Table #.2, which:

also gives the values used in our calculations.

*
The model is too crude to distinguish between gasoline aud kerosene.
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TABLE 6.1

SUMMARY OF THERMAL RADIATION DATA FOR TURBULENT DIFFUSION FLAMES

Source escription of Work fire Base Fur’  Radistion tmisstve Radisted Fractice Extinction Cossents
Equivalenc Tesperature Pouer of che lower heat Coefficient
Diamecer, Tk [P} of comcustion «, n’!
2. — 4 a, I
0.8
yo-e) ®an Fires with T sessurements ty 0.3 Casoline 1300 2.0 Temperatures are baged on
Schmidt method snd Sy semms of a Xercaene 1230 2.6 Schaidt method vhich repre-
dtsappesriag optical pyrometer vith sent sversge fleme T. Ocher
red and greeo filters (U.645u and temperatures varied by 17%.
08.5253)
6.

anL lastamt mecus (32-500gal) and cua- e, Y -144 Uacertaincy on vhether flame
tisous (10-110gpm) spills. Tozal < uss aluays in cediometer
radiation asasured wich a thermo- fleld of view.
plle.

Fishburne  Spectral cadittion sessureseats snd @, 2200 8.6 - 15.3 Agreement is obtained for flame

& Parea- theoretical analyeis of jec diffy- radteticn and beight, but mot

aent (6.8) sion flames (uwp to 110w long) vtdth. n decreases vich fjet
wvelocicy.
{6.9)

ADL Uecontimed sptlls of ) to S.S-3 5-50 ISI!.S 1500 22050 312.1 - 27.1 Teveloped band wodel for emis-
o0 water. Spectral and total . oton from R0, CO, and soot.
rudiacion messurenencs for pool Tocal radiation l‘( vapor and

“ and vapor fires. pool firves is about che ssme.
.10)

May ad Continuwous spills in o 1 16.6-24 Ldl‘ 19.2 They gave =16.4, besed on the

McThween laclv -’bmd trench at 0.025 vo higher heat of coebustion.
0.0%am’/s.

(6.1) 3

AGA Spills of up ro 50w in diked 1.8-24 us, 160 19.9 - 25.3 0.49 Smissivitys-exp(-0.45D)
areas. Spectral and tocal radia-
tion measuresents for pool fires.

5.:-6.12)

Buresu Laboracory & field tests on pool 0.013-0.4 a, L8, 13000 9.5 - 30 &.9-7 Firsc invescigatioms to note

of Mines fires and firsballe. . e 10.3 - 13.2 3 lszge n for H,. Also n in-

sasoline 30.0 - 40 cressss as ¢ fncreases.
Oifferent values were reported
for = in Ref. 6.1 and 6.12.
H"‘(b.u) Comprebensive reviev of data in I8 231800 17 - 25
literature. uj‘ 21480 23-313
(s.18) pasoline 2470
fa3 Field rests in dikes. 7.6-15.2 1p-4 1400-1500 Dus to the cuter annulw of cold
so0t, the comsended effective
(6.1%5) radiation T is 1100°K.
(6.16) Large field tescs gasoline 110

Crumer Detatlad study of flames over & wide 0.1 o, 1700-2260 2260°% 1s observed only occa-

ranze of conditicns : ssionally. 1700°K ie corrsboca
ed by calculations based on
asasared compositioa and is
reconmended &8 BOSL represcn-~
tative.

Hoeoi " Beview of o rehenst 0037-2 N

very ve 0. -22.
experimsotal nuym: 13uid i ::':::; ﬁg * Surnlag race was constanc for
fuel pool fires. -§ 43 I, suggesting m opricaily
thick flame. T and « were
(6.18) fiaferved.

. Baview of the literstute and 7] )

m-r: . analycicsl scudy 2 Used aodel p by Ref.6.12.

S.mds..l Measured the surface heat flame 1.07 GCH 123
of 8 (1.5 kg pure methane) fire- .3 Extrapolation to an optically
ball thick fireball ylelds

Ee 469 wu/nd.

* Mishatic Prenized Flame Temperatuves

** latarved, not messured.
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As noted in Table 6.2, the character of the emitted radiation is
different for the four fuels. It is mainly black body radiation for
gasoline and kerosene, emission in the H20 band for LH? and emission by H20,
CO2 and soot for LCH, . Accordingly, we used a black body model for
gasoline/kerosene and an H20 band model for LHZ’ respectively. We
computed the emissivity of the H, flame using Hottel's mean beam length

method and emissivity charts (6.5).

The development of a 2-band and soot model for the CH4 flame was
not warranted due to lack of spectral emission data and of an acceptable
model for predicting soot concentrations. Accordingly, we assumed the

flame to be grey as suggested by the results of the large scale AGA test
(6.11).

We also used their measured value of the extinction coefficient.
We believe this analysis to be adequate for the purpose of our compara-
tive analysis of LH2 with other fuels. The development of a more

complex radiation model for a CHA flame is recommended for future work.
The maximum flux (§"(x)) at any point (x) at grade is computed from:

Q" (x) = €EF 7 (6.7)
Where ¢ = flame emissivity

F = view factor between point x and the fireball

p2

= ——— , (See Figure 6.1)
x2+z:2 ’

and T = atmospheric transmissivity in the wavelengths emitted

by the flame.

It has been noted that for large heavy hydrocarbon (such as
gasoline or kerosene) pool fires, am outer layer of cold soot is
produced. This may attenuate the radiation emitted by the hotter
inner regions of the fire. We believe that the duration of fireballs
is too short (n up to 128) to permit the formation of such a layer.
Accordingly, it ie not considered in the analysis.
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6.3 HAZARD ZONE AROUND FIREBALLS

Using the fireball characteristics determined in Section 6.1 and
the thermal radiation model/data of Section 6.2, we estimated the
radiation field surrounding fireballs (assuming 50% ambient relative
humidity) of different fuels and release volumes. Using a flux of
5 kw/m2 as the minimum required for thermal injury of skin* over the
short durations of fireballs, we made a conservative estimate of the
distance at grade where this flux may be exceeded. The results are
given in Figures 6.3 and 6.4 as a function of the volume and energy
content of the released fuel, respectively. Note that the hazard

distance is least for LH2 and most for LCHA.

*
This value is specified in the LNG federal code (DOT-193).
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7. POOL FIRE HAZARDS

7.1 INTRODUCTION

As discussed in Section 5, pool fires are the most likely hazard of
concern under aircraft crash conditions. They can result in three of the
accident scenarios defined in Sections 4 (no. 1, 2 and 3). For scenario
1 (a small leak), a small, quasi-steady, circular pool fire will be produced
and will burn as long as the ..:lease continues. For scenario 2 (a
massive leak with aircraft at rest), a transient, expanding circular
pool fire will be produced and will burn until the released fuel is
consumed. For scenario 3, (a massive release with aircraft decelerating)
the shape of the produced pool fire will depend on the aircraft speed
and path before stopping.

In all cases, the hazard of concern is the engulfment of the aircraft
by the pool fire and the associated thermal radiation to the aircraft skin.
(For the fire sizes of interest, thermal radiation is much more important
than convection or conduction). Scenario 3 is of least concern since
the aircraft moves away from the burning fuel, unless a significant por-
tion of the fuel is released after the aircraft has reached a complete

stop. In the latevr case, scenario 3 is reduced to scenario 2 or 1.

In this section, we will discuss the case of instantaneous release
and continuous release pool fires. The models utilized in the analyses
are fairly complex and vary from fuel to fuel. Accordingly, we present
them separately in Appendix C and limit this section to a concise

discussion of the results.

For each fuel and type of release, we characterize the fire size
and duration, the flame emissivity and the heat flux or heat dcse to the
aircraft skin. Such a characterization is sufficient for ihe compara-
tive crash fire hazard analysis intended in this project. It can also be
used to determine the thermal response of the aircraft structure When
sufficient information on the aircraft geometry and construction
materials become available. This is recommended for future work to

determine the absolute level of hazard associated with each fuel.
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7.2 INSTANTANEOUS RELEASE POOL FIRES (SCFNARIN 2 OR 3)

In this section, we assume that various amcunts of fuel are released
depending on the number of ruptured tanks and on their fuel loading at
the time of the accident. The release is assumed to be instantaneous

(i.e., in a few seconds). Slower release are discussed in Section 7.2.

Using the models and data on pool fires discussed in Appendix C
and the LH2 radiation model presented in Section 6.2, we calculated the
main characteristics of pool fires of interest. These characteristics
are given in Figures 7.1 and 7.2 which show for various amounts of fuel
release, the time-averaged pool fire diameter (D), height (H),
emissivity (*w) and heat flux emitted from the flame(d;l; the fire .
duration; and the heat dose to the aircraft skin (q"=z q¢ . fire duration )
Note that H, D, E 4; and q" increase with increase in liquid volume
release; while H/D decreases and the fraction radiated (f) is nearly
constant. These trends are all reasonable, thus supporting the validity

of our model.

Should their be an atmospheric wind, at the time of the fire, the
flame would bend downwind. This may reduce slightlv the heat transfer to
the aircraft skin. Accordingly, we focussed our analyses ©on the case of

zero wind, to be conservative.

Similar calculations were conducted for the three other fuels.
Comparisons among the fuels are shown in Figures 7.3 to 7.6 In Figure 7.3,
we show the computed fire duration as a function of volume released. Note
that the fire duration increases as the fuel volume increases and as the fuel
volatility decreases, which is reasonable. LH2 burns out in approximately

10 seconds, while the other fuel fires may last up to 2 minutes.

*The heat flux to the top of the aircraft skin is equal to the flux
emitted by the flame because of the engulfment of the aircraft in

the fire (i.e., the view factor = 1).
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In Figure 7.4, we show the time-averaged fire sizes (pool
diameter and flame height) correspoiding to various fuel release
volumes indicated by symbols in Figure 7.4. Note that for a given
volume release, the pool fire of LH2 is significantly narrower and
taller than that of the other fuels (this is due to the much larger
vaporization rate of LHZ') Furthermore, the differences among the
other three fuels are not significant. Finally, we show in Figures 7.5
and 7.6 the heat dose ( ;) to the aircraft skin* over the fire duration.
Since the heat dose is the product of the time-averaged heat flux and the
fire duration, it combines the effect of fire intensity ard duration.
The predicted resulv is a significantly lower q" for LH, than the other
fuels —- due mainly to the shorter fire duration. This finding holds
when comparing either equal-liquid-volume releases (Figure 7.5) ox

equal-chemical-energy releases (Figure 7.6).

7.3 CONTINUOUS RELEASE POOL FIRES (SCENARIO 1 or 3)

In this section, we consider small continuous, constant-rate
releases covering the ranges computed in Section 4. The releases are
assumed to last on the order of 1 to 100 minutes, depending on the flow
rate. Immediate ignition results in a pool fire that engulfs a section
of the aircraft. The fire lasts as long as the release duration. The

fire may be steady or quasi-steady as described in Appendix C.

Similar to the previous section, we computed the pool diameters and
flame heights as shown in Figure 7.7. Note that LH, fires are
typically smaller and taller than those of the othe; fuels due tc higher
evaporation rates. Furthermore, the differences between the other fuels
are not very significant. These results are similar to those for the

instantaneous release pool fires.

In Figure 7.8, we show the emitted heat flux by the flame for the

four fuels and for = range of liquid release rates.

*
At the top of the aircraft skin, where ttk< flux is expected to be
highest.
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As the flame size increases, we expect the emitted heat flux first to increase
and then becomes constant when the flame is optically thick. This can be

inferred from Figure C.1 in Appendix C. For the range of flow rates and

corresponding fire sizes of Figure 7.8, the optically thick limit is:
- not reached for LH2

- reached only at large flow rates for L"’a

- reached throughout for gasoline/kerosene

Furthermore, small hydrogen fires emit little radiation compared vo the
other fuels. However, large fires could emit more due to the increase

in the flame emissivity and the higher flame temperature. Similar results

are obtained when compared on the basis of equivalent-chemical-enersv-
release rates (see Figure 7..).

On the qualitative side, the result. &are coasistent with our
intuitive expectations. On the quantitative side, the heat flux from
LH2 continuous-release pool fires can be at worst comparaple to that from

gasoline or kerosene; while it is lower than that Zrom LCHa.
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8. CONCLUSIONS AND RECOMMENDATIONS

In this study, we compared crash fire hazards of mission equivalent,
400 passenger, Mach 0.85, 5500 n. mile range aircraft for three types
of fuel. These fuels were liquid hydrogen, liquid methane, and conven-
tional jet fuel. The two cryogenic-fueled designs had tanks located in
the fuselage; the conventional fuel aircraft had wing fuel :anks. All

the designs were based on published Lockheed studies.

For purposes of comparison, we considered four crash scenarios
ranging from minor releases to a catastrophic crash. In e€ach scenario,
the potential fuel-release and crash fire consequences were compared for

the three types of fuels.

Our basic conclusion is that the crash fire hazards are not signi-
ficantly different when compared in general for the three fuels, although

some fuels showed minor advantages 'n one respect or another. Specifically;

e For fireball post crash scenarios, LH, showed relatively lower

hazard zones at grade than did convenzional fuels and LCHA

(in that order). This effect is apparent whether the comparison
is made on the basis of total fuel volume released or on the
basis of equivalent chemical energy content of the fuel re-

leased. This is due to the rapid burning of the hydrogen, the

smaller f._reball size, and the lower emissivitv of the hvdrogen
flame,

o For fuel releases resulting in pool fires, LH2 also produces
smaller hazard zones than the other fuels, on either a volume
or energy content comparative basis except for the largest
spill sizes where the hazard zone may be slightly higher
than that for conventional fuel - but still substantially less
than that for LCHA. Again, the LH2 fire burns out very
quickly, has a smaller diameter (although taller) flame and

a lesser emissive power except at very large spill sizes.
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Dispersing aerosol is potentially a problem for all three fuels.
Aerosol formation was not treated comparatively because it is

so dependent on the specifics of particular crash conditions.

For the two cryogenic fuels, downwind dispersion of vapors
from unignited fuel spills is a potential problem. One might
expect LCHQ to be more likely to disperse downwind near grade;
LH4 might be more likely to rise. However, with aerosol

formation, both dispersing clouds could remain near grade.

Because of the wider flammability limits, more fuel is likely
to be flammable at any time in a dispersing LH2 vapor cloud
than in an equivalent LCHA vapor cloud. However, this increases

the chance of earlier ignition in a dispersing LH2 cloud and

may reduce the extent of downwind vapor fire damage.
Smaller spills of LH

and LCH, are likely tr disperse as

2
neutrally buoyant plumes.

4

Considerable uncertainty exists in prediction of downwind
dispersion distances for large LCH4 spills because of limited
experimental data and the complexity of the physical effects
involved in developing a theoretical model. Far less data

are available for LH2 spills.

In severe crashes, fire is so likely that theoretical
flammable vapor dispersion with delayed ignition is not con-

sidered a credible threat at large distances from the crash.

LH2 is more likely to cause blast effects due to accumulation
and ignition in confined spaces. This problem can be minimized
by carefu’ design, monito.ing, provision of inerting systems,

and design with secondary barriers to contain small leaks.

In summary, our comparative evaluation for historically observed

crash damage scenarios applied to mission equivalent aircraft shows

that LH, offers survivability benefits in most cases where a fire occurs

2

rapidly. The advantages and disadvantages in other respects are

relatively wminor and di{{icult tc quantify. However, from a crash fire
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hazard standpoint, LH, does not appear to be a significantly more
hazardous fuel than conventional jet fuels and LCHa. In some respects,

it offers lesser hazards. Thus, pending some future research and develop-~
ment work, we see no crash fire hazard situations which should discourage

development of a Lﬁz-fueled aircraft.

From our evaluation, we recommend that additional safety studies be
performed to clarify some of the remaining uncertainties _-elating to

LH2 hazards. In particular:

® Additional dispersion and fire tests would be desirable to
confirm the conclusions drawn in this study, which are based
on the current state-of-the~art. For example, pool fire tests
with an instrumented fuselage can be conducted to testc the

validity of our predictions in Section 7.

e Comparisons between future LH, tests and planned LCH, (LNG)
tests, under DOE sporsorship at Jackass Flats, Nevada, should

be made.

@ Second generation fire and dispersion models should be developed,

based on theory and results of experiments.

Further, should the development of a LH2 aircraft proceed, some

technological improvements should be given priority, for example:

® Further studies to develiop optimum design and systems for LH2
aircraft are needed. Crashworthiness should be an important

consideration in design.

@ Since component reliability is very important in preventing minor
leaks with potential for creating a serious incident or accident
in a LH2 aircraft, attention should be focussed on further develop-
ment work on the following components:

- Less expensive pumps ($5,000 range)

- Improved pump seals with a longer cperating life (present seals

are designed for only a few hours of operation)
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- Evaluation of new types of fuel transfer systems to
minimize the change of any leakage (pump seals, valve

packings, etc.)

- Improved lightweight and strong storage systems

- Optimized LH2 combustors
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APPENDIX A

DESCRIPTION OF AIRCRAFT FUEL SYSTEMS AND
CALCULATIONS OF FUEL RELEASE RATES

A.1 INTRODUCTIOM

In this Appendix, we present a description of the three fuel systems

under study, and an estimate of the fuel release rates for each system

and each accident scenario.

The aircraft considered are the three mission-equivalent aircraft
selected for analysis in Section 2 of the main report. These aircraft
are fueled by LHZ’ LCHA and Jet A, (For the purpose of the fuel release

analysis, we need not differentiate between Jet A and gasoline or JP-4.)

The accident scenarios considered are those described in Section 4.
They cover a minor fuel release, a massive release with the aircraft at
rest, a massive release with the aircraft in motion and a catastrophic
release. These scenarios have been associated with specific failure
modes/ events such as vibration, strained maneuver, engine burst, sheared
engine pad, failed thermal insulation, sheared wing, broken fuselage and
fragmented aircraft. The fuel release rates were calculated for these
failure modes/events. These rates have already been presented in a summary

form in Table 4.3 of the main report.

A.2 LH, FUEL SYSTEM

A.2.1 SYSTEM DESCRIPTION

The LH2 aircraft fuel system details are taken from the Lockheed

Study‘A'l%or a 400 passenger aircraft with a range of 5500 nautical miles

operating at a cruise speed of Mach 0.85.

TANKS

The exterior configuration identified above resembles a conventional
subsonic jet passenger aircraft as shown in Figure A.l1. The interior con-
figuration, however, is significantly different in that the fuel is stored
within the fuselage. Two fuel tanks are provided: the forward tank is
located between the flight crew compartment and the passenger compartment;
the rear tank 48 located in the tail section of the fuselage behind the

8 c-L
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passenger compartment as shown in Figure A.2. Each tank has a central bulk-
head dividing the tank into two fuel compartment. The fuel tanks are in-
tegral* with the fuselage and are insulated with glass microspheres placed
in an evacuated jacket around the tank. Each fuel tank is numbered from

1 to 4 corresponding to the engine to which it normally supplies fuel.

The left and right inboard engines are numbered 2 and 3, respectively;

outboards are 1 and 4.

The aircraft has a gross fuel load of 56,460 pounds. This is
distributed equally in the four fuel tanks at 14,115 pounds each. Because
two tanks are contained in one tank envelope and interconnected, the
complete failure of either the forward or aft fuel storage will contribute

up to a maximum of 28,230 pounds of LH2 to the hazard.

BOOSTER PUMPS

Pumps are required to dcliver the fuel from the tanks to the engines

in order to meet the Net Positive Suction Head (NPSH) requirements of

the high pressure engine pumps. The pumps are of the centrifugal type
located within the tanks. Each of the four tanks contains three pumps of
which two are powered during flight operations at all times from separate
power sources. Each pump has a design pressure rise of 45 psi at a mass
flow of 0.774 1lb/sec. and each is driven by a variable speed motor that
is controlied vy the engine requirement. Thus, the pump pressure rise

and flow can vary over a wide range.

LINES

The booster pumps transfer the fuel from ihe tanks to their respective
engines through 1 inch diameter stainless steel lines. The lines are
thermally insulated with 1.5 inches of closed cell polyurethane foam en-
cased in an aluminum jacket. Evacuated double bellow lines with an outer

braided cover are used where line flexibility is required.

*
Integral indicates that the circular sections of the tank form a part of
the fuselage structure and therefore are designed to sustain and transmit

all the forces developed in the fuselage during the mission.
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The fueling system is shown schematically in Figure A.3 and its
arrangement in the aircraft is shown in Figure A.4. The fuel from any
tank can be transferred to engines other than its assigned engine through

a crossfeed valving arrangement located as indicated in Figure A.4, Detail A.

FILL, DRAIN AND VENT
All fueling, defueling and venting of the fuel tanks is performed at

the aircraft tail. The lines for these operationg to the tanks from this
location are mounted in a tunnel over the fuselage at the vertical center-

line, as shown in Figire A.5 (Detail E). The lines are vacuum Jacketed to
provide thermal insulation.

A.2.2 ]..}l2 PIPE LINE BREAK

A centrifugal type booster pump located in the LH2 tanks transfers
the LH2 fuel to engines where it is pumped to the combustion chamber
pressure at a design flow of 0.77 lb/sec. In the evenr that the fuel
line is cleanly severed at the outboard engines, the discharged fuel will
flow at about 1.3 lb/sec. single phase liquid flow based upon an equivalent
line length* of 300 feet., The mass flow from a line of shorter length
(severed at a point closer to the tank than the outboard engines) can be
estimated from the following equation:

1.3 [l (A.1)
sec

W=

Where:

Fl is the length factor in fractions ot 300 feet.

For example, a LH2 fuel line cleanly severed at the root of the
wing has an estimated flow of 1.8 lb/sec., assuming that the line length
is half of the length to the outboard engines. As shown in Figure A.4, two
fuel lines pass through the wing root area. Thus, the expected flow,
when a single wing is severed, is 3.6 1lb/sec., and for two severed wings
is 7.2 1lb/sec. Loss of all four engine pods is estimated to produce a
total flow of 5.2 lb/sec., 1.3 1lb/sec. from each engine feed line. These
values are listed in Table 4.3, which summarizes the fuel leak values for

the three aircraft and which will be discussed in Section 4.

—
The longest line length between tank and engine is estimated to be 150 feet.
The equivalent length is assumed to be twice the actual line length or about

300 feet to account for elbows and fittings in the pressure-flow calculations.
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The LH2 flow of 1.3 1b/sec. from a single severed line is the steady
state rate discharging directly to the atmosnhere, which can also be used
as the initial discharge rate from the line into the aircraft interior.
This rate may decrease with time as the pressure generated by the vaporized
LH2 in the closed compartment increases urless there is a structural failure

in the compartment walls causing it to open to atmosphere.

It should be noted that the fuel lines will be housed in well protected
areas of the fuselage and wing structure. Damage to them from outside
of the aircraft will only occur if the structure is severely damaged or
. penetrated. Thus, a break in the fuel line will vent to the atmosphere.
However, when the fuel lines are damaged by vibration and structural
strains, for example, they may discharge into the interior compartments of

the aircraft. Vaporization of LH, within these compartments will pressurize

2
them and can cause structural damage. Further, with air and potential

ignition sources in the failed compartments, a fire is likely to occur.

A.2.3 FUEL TANK LEAK

An opening in the tank wall will release liquid to the outside or to
the inside depending on its location. These tanks are designed for 23
psi ullage pressure (relief valve setting). At landing or take-off, there
is a differential pressure from inside to the outside of 8.3 psi max. An
opening in the tank to the outside, equivalent to the flow area of the
transfer lines, will produce a flow of nearly 2 1b/sec.* As this flow
is directly proportional to the area of the opening, the flows for larger
or smaller openings can be determined. Flows from larger openings are

tabulated below for equivalent diameters from 1 to 32 inches:

Equivalent LH, Discharge
Opening Diameter Rate
(in.) (1b/sec.)
1 2
2 8
4 30
8 130
16 510
32 2100

* This neglects the effects of gravity head and inertia on the liquid.

These effects are small compared to the ullage pressure.
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An opening in the tank end walls leading to the spaces inside of
the aircraft skin can result in gas generation and pressurization of the
spaces. One end of forward tank leads to the cockpit and the other to the
passenger compartment. The forward end of the aft tank also leads to the
passenger compartment; the aft end leads into the tail which remains vented
at all times to the atmosphere. The hazards to personnel and passengers
resulting from leaks into these spaces should be examined. A further
hazard may be the cold shocking of the mechanical, electrical and hydrau-

lic components in these areas which may induce other failures.

A.3 LCH, FUEL SYSTEM

A.3.1 SYSTEM DESCRIPTION

The LCHa aircraft fuel system are from the Lockheed Study(A'Z}for
a 400 passenger aircraft with a range of 5500 nautical miles operating
at a cruise speed of Mach 0.85. This mission is identical to the

mission for the comparison LH2 aircraft,

TANKS

The exterior and interior configurations of the LCHQ aircraft are
similar to those of the LH2 aircraft shown in Figure A.l1l. The I.CH4
aircraft dimensiors and fuel tank placement are shown in Figure A.6. The
. forward fuel storage is a non-integral spherical tank with a fore-to-aft
partition dividing the fuel into two equal volumes. The tank is supported
within the fuselage in four trunnions, two on the vertical centerline (of
the tank and two on the horizontal centerline (perpendicular to the
flight path). The tank is thermally insulated with a 2-inch thickness
of closed cell polyurethane foam. The aft fuel tank is integral with the
fuselage. It has a truncated conical shape, ellipsoid ends and a
partition dividing it into two equal fuel volumes. The tank is thermally
insulated with 1.75 inches of closed cell polyurethane foam covered with
a vapor barrier. This, in turn, is covered with a nitrogen purged open

cell foam which supports the aircraft fairing.
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A.3.2 LCHL FUSL LINE BREAK

A centrifugal type booster pump located in the LCH4 fuel tanks
transfers the LCHA fuel to engines where it is pumped to the combustion
chamber pressure at a design flow of 2.26 1lb/sec. In the event that
the fuel line is cleanly severed at the outboard engines,the discharged
fuel will flow at about 3.5 lb/sec. single phase liquid flow based upon
an equivalent line length* of 300 feet. The mass flow from the line of
shorter length (severed at a point closer to the tank than the outboard
engines) can be estimated from the following equation:

35 (A.2)
1 sec

W=

Where:

F1 is the length factor in fractions of 300 feet.

For example, a LCH, fuel line cleanly severed at the root of the
wing has an estimated flow of 5 1lb/sec., assuming that the line length is
half of the length to the outboard engines. As shown in Figure A.7, two
fuel lines pass through the wing root area. Thus, the expected flow,
when a single wing is severed, 1s 10 lb/sec., and for two severed wings

is 20 1b/sec.

The LCH

steady state rate discharging directly to the atmosphere, which can algo

4 flow of 3.5 lb/sec. from a single severed line is the

be used as the initial discharge rate from the line into the aircraft
interior. This rate may decrease with tim. as the pressure generated by

the vaporized LCHA in the closed compartment increases .

*
The longest line length between tank and engine is estimated to be 150
feet. The equivalent length is assumed to be twice the actual line

length -~ about 300 feet for pressure-flow calculations.
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The fuel lines of the LCHA aircraft, like those of the LH2 aircraft,
will be housed in well protected areas of tue fuselage and wing structure.
Damage to them from outside of the aircraft will only occur if the struc-
ture is severely damaged or penetrated. Thus, a break in the fuel line
will vent to the atmosphere. However, when the fuel lines are damaged
by vibration and structural strains, for example, they may discharge
into the interior compartments of the aircraft. Vaporization of LCHA
within these compartments will pressurize them and can cause further
structural damage. Further, with air and potential ignition sources

in the failed compartments, a fire is likely to occur.

The flow from two cleanly sheared lines at the wing root is
estimated at 10 lb/sec. This fuel system failure results when the wing
is sheared from the fuselage after strikin¢, an obstruction. Loss of all
four engine pods is estimated to produce a total flow of 14 1b/sec.,

3.5 1b/sec. from each engine feed line.

A.3.3 FUEL TANK LEAK
An opening in the aft fuel tank wall will release liquid to the

outside and possibly into the interior of the fuselage. The forward fuel
tank, contained entirely within che fuselage, will release fuel into the
fuselage interior when ruptured. These tanks are designed for 21 psi
ullage pressure. At landing or take-off, there is a differential pressure

from inside to the outside of 6.3 psi max.

The initial rate of dumped LCHQ will vary depending upon the locaticn
of the opening and the fuel tank ullage pressure, as well as positive "G"
forces generated by the motion of the aircraft. The ullage pressure can
vary by design in normal operation between 18 and 21 psig. Because the
tank had a diameter of about 16 feet, the pressure at the bottom o. the
tank, due to the static head of liquid, will vary from O to 3 psi depending
upon liquid level. At any othaer location on the tank, the variation will
be less than 0-3 psi. Another 0-3 psi must be added to the liquid pressure
to allow for a 1 "G" load factor induced by a pitching maneuver. Thus,
the minimum and maximum liquid pressures developed across an opening are

0 and 12 psi, respectively, depending on locatiomn.
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Each fuel tank is numbered from 1 to 4, corresponding to the engine

to which it normally supplies fuel. Figure A.7 shows the fuel feed system
for the LCHQ aircraft,

The aircraft has a gross fuel load of 152,000 pounds. This is
distributed equally into four fuel tanks at 38,000 each. Because the fuel
supply for two engines is carried in one tank envelop and interconnected,
the failure of either the forward or aft fuel storage will contribute up
to a maximum of 76,000 pounds of LCH4 to the hazard.

BOOSTER PUMPS

Pumps are required to deliver the fuel from the tanks to the

engines in order to meet the Net Positive Suction Head (NPSH) requirements
of the high pressure engine pumps. The pumps are of the centrifugal type
located within the tanks., Each of the four tanks contains three pumps

of which two are powered during flight operations at all times from
separate power sources. Each pump has a design pressure rise of 30 psi

at a mass flow of 2.26 lb/sec.

LINES

The booster pumps transfer the fuel from the tanks to their
respective engines through 1.2 inch diameter stainless steel lines.
The lines are thermally insulated with 1.5 inches of closed cell foam
encased in an aluminum jacket. Evacuated doudble dbellow lines with an

outer braided cover are used where line flexibility is required.

The fueling system is shown schematically in Figure A.7 and its
arrangement in the aircraft is similar to Figures A.4 and A.5 for the le
aircraft. The fuel from any tank can he tranaferred to engines other than
its assigned engine through a cross-feed valving arrangement located as

indicated in Figure A.4, Detail A,

FILL, DRAIN AND VENT
All fueling, defueling and venting of the fuel tanks is performed

at the aircraft tail. The lines for these operations to the tanks from
this location are mounted in a tunnel over the fuselage at the vertical

centerline, similar to that shown in Figure A.5, for the 1M, aircraft,
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An opening in the aft tank to the outside eai.ivalent to the flow
area of the transfer lines will produce a riow of nearly 7.5 lb/sec. As
this flow is directly proportional to the area of the opening, the ilows
for larger or smaller openings can be determined. Fliws from larger

openings are tabulated below for equivalent diameters from 1.2 to 32 iaches:

Equivalent LCHa Discharge
Opening Diameter Rate
(in) (lb/sec)
1.2 7.5
2 21
4 83
8 330
16 1300
32 5300

An opening in end walls of either tank leading to the spaces
inside of the fuselage can result in gas generation and pressurization of
the spaces. A further hazard may be the cold shocking of the mechanical,
electrical and hydraulic components in these areas which may induce other

failures.

A.4 JET A FUEL SYSTEM

A.4.1 SYSTEM DESCRIPTION

The Jet A aircraft fuel system details are obtained from Lockheed(A'z' »

for a 400 passenger aircraft with a range of 5500 nautical miles operating
at a cruise speed of Mach 0.85,

TANKS

The exterior configuration of the Jet A aircraft is similar to that
of the LH2 aircraft shown in Figure A.1. The fuel storage is in the wings,
similar to conventional subsonic commercial jet aircraft. The probable
configuration is for two tanks in each wing, each containing about
35,000 pounds of fuel, and for two center tanks, each containing about
24,000 pounds of fuel, for a total fuel load of 183,000 pounds.

The tank configuration is similar to that shown in Figure A.8, even
though it is for the L-1011-500 three-engine passenger transport. The
line sizes and their expos' re outside of the heavily protected structure

are considered representative of the Jet A aircraft.
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BOOSTER PUMPS

It is expected that each of the four wing tanks will contain two
booster pumps, either of which can meet the fuel rate requirements of
the assigned engine. These pumps are of the positive displacement type

and have a capacity of about 20 pounds per second.

LINES

The booster pumps transfer the fuel from the tanks to their respective
engines through 1.5 inch outside diameter, thin wall, uninsulated stain-
less steel tubing.

A.4.2 LINE BREAK

An engine pod torn off in a crash can cause fuel spillage. Assuming
that the flight crew does not switch power off to the booster pump, it can
deliver about 26 pounds per second from a severed 1.5 inch line. If power
is switched off to the booster pumps, fuel can siphon from the tanks at
rates depending upon fuel level, aircraft altitude and closure position

of the tank shut off valve.

A.4.3 FUEL TANK LEAK

For crash landings in which the wings are severed and/or the fuselage

is damaged in the wing-root area, it can be assumed that the onboard fuel
is quickly released from containment. On the other hand, a tank punctured
by a turbine blade released in an engine burst will dump fuel at a finite
rate. For example, a 1.5 inch diameter purcture will releas. fuel at about
3 1b/sec. assuming a 2-foot static liquid height. For larger punctures,
the fuel loss rate is proportional to the ratio of flow areas. These

flow rates are summarized in Table 4.3 in Section 4.

A.5 REFERENCES

A.1 Brewer, G. D., et al, "Study of Fuel Systems for LH,-Fueled Subsonic
Transport Aircraft'", Lockheed, Air Research and Roéﬁetdyne, For NASA/
Langley, July 1978, Volumes I and II.

A,2 Carson, L. K. et al, "Study of Methane Fuel for Subsonic Transport
Aircraft", Lockheed, NASA Contractor Report 159320, September 1980.

A.3 Brewer, G. D., letter dated October 27, 1980 to F. Ruccia, 'Crash
Fire Hazard Study for NASA/Lewis."
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APPENDIX B

CALCULATION OF EQUILIBRIUM CONDITIONS
for H,/AIR FLAMES

Using the NASA Equilibrium computer code*, we computed the temperature
and water vapor concentration of the products of combustion for various
concentrations of H2/air burning at constant pressure. The results are
shown in Figure B.l for various levels of heat losses (as a fraction of
the heat liberated). Note that the heat loss does not affect the pre-
dicted partial pressure of the water vapor (Pw) buf affects the pre-

dicted temperature (T).

The horizontal dashed curves (T = 1700°K and Pw = 0.25 atm) indicate
the approximate average values anticipated in view of nonuniformities
in the hydrogen concentration within the flame. The temperature value
is consistant with reported measurements. These values were used in

the radiation calculations for hydrogen flames.

*NASA TN D-6586, 1972
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APPENDIX C

POOL FIRE DATA AND MODELS

C.1  INTRODUCTION

In this appendix, we present a review of the literature data and

models pertinent to the characterization of pool fires. We focus on the
burning rate, the pool diameter and the flame height. These three para-

meters are needed to determine the radiation hazards of pool fires.

First, we review of the experimental data on liquid pool boiling with
and without combustion. These data are typically obtained for a con-
stant pooi diameter, fixed by the experimental setup. The parameters
of most concern here is the liquid regression rate which is determined
by heat transfer from the flame or from the substrate material under the
liquid.

Secondly, we summarize the liquid spreading models utilized to
determine the pool diameter of unconfined release on land. We cover
both the instantaneous and continuous releases, with and without combus-

tion.

Finally, we review the correlations in the literature on flame height

and sclect the most suitable for use in our study.

C.2 EXPERIMENTAL DATA ON POOL BOILING
In a pool fire, the liquid boils due to heat transfer from either

the flame or the ground (for cryogenic fuels) or both. Data has been
compiled by many investigators for boiling with and without burning.
These data are summarized in Table C.1 for LHZ’ LCHA gasoline and
kerosine. In each case, we describe briefly the experimental setup

and give the volume of spilled liquid, the pool area, the substrate
materials, the fuel, the liquid repression rate (with and without fire)
and comments as appropriate. The substrate material is an important
parameter since its thermal properties affect the rate of heat transfer

to cryogens.
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The ranges of liquid regression dsta of Table C.1l are summarized in
Table C.2 for LHZ’ LCH4, gasoline and terosene. These data and our
detailed review of the results summarized in Table C.l indicate that
the governing mode of heat transfer to the pool differs from fuel to fuel.
This is also summarized in Table C.2.

The most systematic study of liquid lLiydrocarbon pool fires over the
widest range of pool diameters was conducted by Blinov and Khudiakov
(C.13). Gasoline, tractor kerosene, diesel oil, and solar oil (and, to
a limited extent, household kerosene and transformer oil) were burned in
cylindrical pans (depth not indicated) of diameters 0.37 cm. to 22.9
meters. Liquid burning rates and flame heights were measured, and visual

and photographic observations of the flames were recorded.

Hottel (C.14), plotted the above data in Figure C.1l. The lower
curve of this figure gives the liquid burning velocity (;) as a function
of pan diameter (D): while the upper curve gives the flame height to par
diameter ratio. The diagonal lines are lines of constant Reynolds

numbers (Re,based-or.pan diameter and the properties of non-burning fuel vapor).

It is of note hat the burning velocity-pan diameter relation has the
same general structure for all the fuels. It first decreases with
increasing pan diameter, with an almost constant product of the two. This
is the laminar flow regime, with Re less than about 20. With further increase
in pan diameter the velocity reaches a minimum; then it rises rapidly in
the range of Re from 20 to 200; and finally it levels off again at a pan
diameter about 1 meter or a Reynolds number about 500. Above that value
the burning is turbulent and the burning velo:ity is substantially unin-
fluenced by pan diameter or fuel type.

Hottel demonstrated that the above behavior can be reiatea o the
heat transfer rate (q) that determine the rate of fuel vaporization:
4/ 1d? = 4R(T.-T,) + H(T_-T) + oF(T2-T") (1-e™*9) c.1
e q F "B F B F B
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where the left-hand side of the equation represents the mean he:t flux to
the liquid pool from the fire; the first term on the right represents

the conductive heat transfer rate through the pan rim: the second term
the convective heat tlux; and the last term the radiative transfer race.
The mean heat flux to the pool divided by the heat of vaporization of

the liquid gives the 1liquid burning rate (§).

Hottel's review indicates that for heavy hydrocarbon fuels and a
pool size greater than 1 m in diameter, the radiative heat transfer
term dominates eg. C.l. Furthermore, the flame became optically thick.
This is the regime of interest to steady large-scale, turbulent diffusion

radiation-dominated pool fires.

A similar study of pool fires was also conducted at the Bureau of
Mines (C.3), although over a smaller range of diameters. Still, they
measured the limiting value of the burning rate for a nutber of liquid

fuels and obtained the following correlation:

]
y = 0.0076 %c (c.2)
(cm/min) v

where y 1s the rate at which the 1iquid pool level decreases with

time (in the absence of external supply), AHC and AHV are respectively
the lower heat of combustion and the heat of vaporization of the liquid
fuel (see Figure C.2).

In a later publication (C.2), the Bureau of Mines modified this
correlation to include the fuel liquid density which varies significantly
between the fuel studied.

C.3 MODELS OF POOL SPREADING WITH EVAPORATION

In this section, we present the result of a modeling study cf the

spreading of cryogenic liquids on land with and without heat transfer

from a flame. The analysis is based mainly on the work of Raj. (C.15).
Based on the liquid release rate and its duration, he classified the spills
as: (1) 'instantaneous release' in which all of the spill occurs in a
"very short time", and (2) the 'continuous spill' in which the spill

continues at a finite race for a "long time". The distinction
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between short time and long time depends on a number of factors including
the size of spill, the properties of the liquid and the envirommntal

conditions.

He formulated a mathematical model based on conservation of mass,

momentum and energy, and on the following assumptions:

® The heat transfer rate from land can be obtained from

quasl one-dimensional heat conduction theory.
® The cround is merfectlv flat and frictionless.

e The diameter of the spill jet is small combated to the size
of spread of liquid. That is, the source is a point source

on the ground.

e The thermal boundary laver in the ground grows laterally
because of the liquid spread and depthwise because of

thermal propagation.

o Thermal boundary layer profiles are self similar at all

times.
o A flame provides a constant heat flux to the pool.

He obtained expressions for the radius 5f spread, evaporation rate,
and volume of liquid remaining as a function of time. His results for
the case of heat transfer from ground alcne and flame alone are
summarized in Table C.3. Note that for cryogenic liquids, the pool
radius increases continuously as the ground warms up. Thus, a steady
pool may not be reached even for small continuous releases. The time

dependence is weak, however, and a quasi-steady pool can be assumed.

These results were used to predict the pool diameters presented in

Section 7 with the following items:

1) For LCHA, gasoline and kerosene, we used the upper values of
of the burning rate data in Teble C.2 to determine the heat transfer

from flame to pool.
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2) For LCHA and LH2 we also accounted for heat transfecr from ground

*
assuming a soll or concrete substrate.

3) For LH,, the heat transfer from the flame is not constant
because the flame does not reach the optically thick limit within the
fire sizes computed in this study. This requires an iter.tive solution
since the heat transfer from the flame determines the pool size which in
turn affect the heat transfer. We iterated accordingly to determine

the LH2 pool size presented in Section 7.

C.4 FLAME HEIGHT

Once the pool diameter and the liquid repression rate are determined
as described in Section C.3, the flame height can be calculated using
correlations obtained in the literature. Thomas (C.16) has developed
a correlation for the mean visible height of turbulent diffusion flames
(in the absence of wind), based on experimental data of laboratory-scale
wouden crib fires and dimensional analysis considerations. The correla-

tion for a circular fire is:

" - 0.61
D" 42 _?r_ll_--——— c.3
a / gD

where m" is the mass burning rate per unit pool area.

The analysis of Thomas, based on which the above correlation has
been developed, makes some fundamental assumptions. The flame is
characterized by a single temperature and a specified gas composition
at the flame tip irrespective of the size or soot concentration in the
flame. The correlation does not take into account either the differences
in the furl properties, or the differences in their flame radiation
characteristics. In addition, Thomas indicates that the correlation is
valid only if the turbulence is generated by the heat source itself, and
not if ambient turbulence is convected into the fire plume. While it
is true that Thomas has successfully correlated small, laboratory-size
fire data, the validity of his correlation for large fires (D > 25 m)
has never been tested. Figure C.3 shows the data on visible fire lengths

observed in the AGA tests (C.5). Also shown is the above correlation.

*J kP c = 1.4 ch/m2 %K.s 0.5
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It is seen that the correlation generally underpredicts the height
(by up to 50%) for large-diameter fires (larger than 6 m).

The applicability of Thomas' correlation for higher hydrocarbon
fuels is shown in Figure C.4. The measured values are for JP-4 pool
fires of diameters varying from 1 to 10 m (C.17). The correlation is
obtained from eg. (C.3) with m"= 0.05 kg/mz.s (or a linear regression

rate of 4 mm/min).

Steward (C.18) has also developed a similar correlation which is
plotted in Figure C.3. As can be seen from the figure, Thomas'
correlation provides a better fit of the data than Steward's. Accordingly,

it has been used throughout our calculations.
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